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Society of Exploration Geophysicists 


Society: The Society of Petroleum Geophysicists was organized in 1930 at Houston, Texas. In 
1936, the Society approved a change in name to the Society of Exploration Geophysicists, to 
indicate the close association of the aims and objects of the Society with the newly recognized 
primary function of Exploration, which had recently been recognized by the petroleum industry 
as being on a par with Production, Transportation, Refining, and Marketing. 


Aims and Objects: The Society functions for the promotion of the science of geophysics, espe- 
cially as it is related to petroleum geology and to the discovery and production of oil and natural 
gas and associated minerals, and the maintenance of a high professional standard among its 
members. Among the methods of accomplishing these objectives is the publication of papers, 
discussions, and communications of interest to the membership. 


Journal: Greopxysics is the official publication of the Society, and in it are published all of the 
papers, discussions, and communications received from the membership which are accepted for 
publication by the Editor. Copies are sent to all members of the Society in good standing. The 
subscription price to non-members is $9.00 per year, with an additional charge for postage where 
such is necessary. Claims for non-receipt of preceding numbers of GrEopHysics must be sent to 
the Business Manager within three months of the date of publication in order to be filled gratis. 
Delivery outside the U.S.A. is not guaranteed. 


Responsibility: It is understood that the statements and opinions given in GEoPHysIcs are views 
of the individual authors to whom they are credited, and are not binding on the membership of 
the Society as a whole. Papers submitted to the Society for publication shall be regarded as no 
longer confidential. 


Reprinting Journal Material: The right to reprint portions or abstracts of the papers, discus- 
sions, or notes in GEOPHYSICS is granted on the express condition that special reference shall be 
made to the source of such material. Diagrams and photographs published in GreopHysics may 
not be reproduced without making special arrangements with the Society through the Editor. 


Manuscripts: All manuscripts submitted for publication should be sent directly to the Editor. 
They will be examined by the Editor and such special editors or reviewers as he may appoint 
to determine their suitability for publication in GropHysics. Authors are advised as promptly 
as possible of the action taken, usually within two or three months. 


Discussion: The Editor invites discussion of papers published in GropHysics. Such discussion 
will remain open until closed by the Editor. 


Form of Manuscript: Papers are published in English only. An abstract must accompany each 
article. All illustrations should accompany manuscript and should always be referred to in the 
text. Line drawings must be made with India ink on plain white paper or on tracing cloth. For 
detailed instructions on the preparation of manuscript and illustrations for GEOPHYSICS, see paper 
by Nettleton in Vol. X, No. 3 (July 1945), pages 421 to 428. Proof and all correspondence cov- 
ering papers in the process of publication should be addressed to the Editor. 


Subscriptions: Subscriptions, renewals, and orders for back numbers should be addressed to the 
Business Manager, Colin C. Campbell, 1238 East 37th Street, Tulsa, Oklahoma. 


Reprints: GropHysics furnishes reprints, with covers if desired, at cost plus a handling charge 
of 15%. Orders for reprints should accompany corrected galley proof. 


Advertising: Rates for advertising will be furnished by the Business Manager on application. 


Richard A. Geyer, Editor 
Humble Oil & Refining Company 
Box 2180, Houston 1, Texas 
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DESIGN THE SOCIETY’S CREST 


MEMBERS OF ALL GRADES in the Society of Exploration Geophysicists are invited to compete 
in a contest to obtain the design of an official crest symbolizing the science of EXPLORATION 
GEOPHYSICS. First prize will be a paid life membership, including subscription to Geophysics, 


in the society. 


RULES OF THE CONTEST 


1, Entries, to qualify, must be received at the business office of the Society of Exploration Geo- 
physicists, Box 7248, Tulsa, 18, Oklahoma, on or before March 1, 1951. Only active, associate or 
student members in good standing of the Society of Exploration Geophysicists shall be eligible 
to enter. Current officers and members of the Standing Committee on Honors and Awards are not 


eligible to receive prizes. 


2. Line drawings must be made with India ink on plain white paper or on tracing cloth. Lettering, 
if used, must be of sufficient size to be legible after reduction. Designs shall be judged on simplicity 
and clarity of meaning. They may be of any geometric form considered practical for use in the 
embellishment of award certificates, plaques, corporate seal or society letterhead. As a guide to 
the general nature of suitable designs, your attention is invited to the official crests of other societies, 
such as Geological Society of America, American Geophysical Union, American Institute of 
Metallurgical Engineers, Houston Geological Society etc., or the designs used by some of the 
geophysical companies whose advertisements appear in Geophysics. 


3. The Standing Committee on Honors and Awards shall be the sole judges. All entries shall 
become the property of the Society of Exploration Geophysicists and cannot be returned to con- 
testants, In the event no design is chosen, the Society reserves the right to extend the contest. 


4. Announcement of the results will be made at the 1951 annual meeting. 
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Above: Loading a Du Pont “Seismogel”’ 
charge with “‘Fast-Couplers” 


Increase safety on the job with Du Pont “SSS” 
Static-Resistant “SR” Electric Blasting Caps 


Here’swhy “‘SSS”’Static-Resistant “SR” Elec- 

tric Blasting Caps are winning increased favor 

among crew chiefs and shooters the country 

over: 

1. High water resistance. Rubber plug closures pro- 
vide a positive seal unaffected by changes in 
temperature. 


2. No time lag... Caps contain a bridge wire which 


@ Ask your Du Pont explosives representative 
about these Du Pont Seismic Products. 
E. |. du Pont de Nemours & Co. (Inc.), 
Explosives Department, 
Wilmington 98, Delaware. 


*Reg. Trade Mark for 
nitrocarbonitrate blasting agent 
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Which of these 


suits your 


1. Du Pont “Seismogel” is one of the 
most widely used and most economical of 
all seismic explosives. It is suitable for 
normal use in water depths up to 300 feet, 
but is not recommended for prolonged 
“sleeper” charges. ‘‘Seismogel”’ is avail- 
able with or without the Du Pont ‘‘Fast- 
Coupler.” With the ‘‘Fast-Coupler,” car- 
tridges can be joined together in a fraction 
of the time required by other methods. 
Furthermore, the ‘“‘Fast-Coupler” assures 
a charge that will remain intact even un- 
der the most adverse conditions. 








is broken by the detonation of the charge. 


3. Protection against stray currents. Aluminum- 
foil-shielded shunts short-circuit the bared ends 
and insulate them from outside contacts. 


4. Maximum protection against static electricity. 
Charges far greater than any likely to be en- 
countered are bled off harmlessly through a con- 
ductive rubber plug. 
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blasting supplies best 
seismic prospecting needs? 


2.Du Pont “Hi-Velocity” Gelatin 60% 
has exceptional ability to withstand the 
desensitizing effects of (1) high water pres- 
sure, (2) prolonged immersion, and (3) ad- 
verse storage. Especially recommended for 
deep-hole work and sleeper charges. Be- 
cause of its all-round dependability, many 
seismic crews use this gelatin for all seismic 
work. Also available with ‘“‘Fast-Coupler.”’ 


3. Du Pont Nitramon* $ is the safest 


seismic blasting agent known. It can- 
not be detonated with ordinary blasting 
caps, open flame, sudden shock, or even 


the impact of high-powered rifle bullets. | 
Yet it’s readily detonated with a ‘“‘Nitra- | 


mon” S Primer, itself relatively insensi- 
tive. ‘“‘Nitramon” S is packed in water- 
tight, threaded metal cans. . . easily as- 
sembled and loaded . . . often allows elimi- 
nation of casing. And because ‘‘Nitramon”’ 
S contains no nitroglycerin, it is non- 
headache producing. 


4. Du Pont “Nitramon” WW is espe- 


cially designed for seismic prospecting off- 
shore. It has all the safety features found 
in the “‘Nitramon’’ family. The metal con- 
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Above: Loading cartridges of 
Du Pont “Nitramon” S$ 


tainers are impervious to water, stand 
rough handling, and are fire-resistant. The 
charges sink readily even in rough water 
—yet are easily supported by inexpensive 
buoys. It’s available in 10, 1634, and 50-lb. 
sizes .. . and is quickly, easily primed by 
means of special Seismograph Boosters. 
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CUMULATIVE INDEX 


of the 
PUBLICATIONS OF 
SOCIETY OF EXPLORATION GEOPHYSICISTS 
(1931-1947) 


A comprehensive index to all publications of the society, featuring classification of titles 
by subject, by authors and by volumes and numbers; and including an index of geophysical 
patents abstracted in Geophysics from October, 1939, through January, 1947. Patents are 
indexed by subject, patent number and inventor. 


Whether or not a complete file of SEG publications is available to its owner, the COUMU- 
LATIVE INDEX provides fingertip reference to 17 years of field experience and research. 
Eighteen methods of geophysical exploration for oil and other minerals, as well as those 
not specifically classified, are described in publications of the society during the period 
covered by this index. 


135 pages, 7 x 10, blue Cloth Paper 
Pee Ol es... 6. beeen $2.00 $1.00 
EE SO TE EOE OT 2.50 1.50 


goa vc itide oo 48 bbe dedwtows .20 . .20 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 7248, Tulsa 18, Oklahoma 




























GEOPHYSICAL CASE HISTORIES, VOLUME I, 1948 
(Second printing, 1949) 
Edited by L. L. Nettleton, Past President 


A collection of 60 papers by 61 authors on geophysical observations made under a wide 
variety of field circumstances. This is the first volume of a series designed to provide 
material by which geophysical surveys can be judged from later development and thus 
aid in the interpretation and evaluation of other geophysical work. 


Contents: 3 general and historical papers; 21 salt dome case histories (Texas, Louisiana 
and Mississippi); 17 mid-continent case histories (Arkansas, Illinois, Oklahoma and 
Texas); 4 rocky mountain case histories; 11 California case histories; 4 foreign case 
histories. 


680 pages 7x10 Fully illustrated Cloth bound 
COMPLETE TITLE INDEX CROSS-REFERENCED TO 
CLASSIFIED INDEX OF ALL MAPS AND FIGURES 


PRICE $7.00 POSTPAID IN U.S.A. 
(Add 50 cents per copy on foreign orders) 


Members of SEG, AAPG and AIME ....................- $6.00 


Lots of ten or more (f.0.b. Menasha, Wisconsin) ............ 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 7248, Tulsa 18, Oklahoma 








Please mention GEOPHYsIcsS when answering advertisers 


















6111 Maple Avenue e Dallas,Texas 


R. D. Arnett C.G. McBurney J. H. Perneld 














Ee 






GEOPHYSICAL 


COMPANY 


PRECISION SEISMIC SURVEYS 


REFRACTION 


DATA REANALYSIS 


SOUTHERN GEOPHYSICAL COMPANY 


SIDON H 


FORT WORTH, TEXAS 





= Col PE 


hk MARK OF 


OUTSTANDING SERVICE 
IN SEISMIC SCIENCE 
TO THOSE OF THE 
OIL INDUSTRY 

WHO DEMAND 








7 7 ieee: # imme F = ; : 4 | | 
Contiiry. GEOPHYSICAL CORPORATION 
TULSA, OKLAHOMA 


EXPORT: 149 Broadway, New York 








































10 








GEOPHYSICS the Journal of the Society of Exploration Geophysicists 





a 





N 


An easily read, clearly illustrated text on 


Modern Geophysical Techniques 


~ 








EXPLORATION GEOPHYSICS 


by J. J. Jakosky, Sc. D. 


Thirteen fact-packed chapters 
fully cover all contemporary 
methods; plus permit, trespass 
and insurance problems. A 
basic textbook for every 
geologist, geophysicist, engi- 
neer and physicist concerned 
with exploration, well logging 
and production. Adopted by 
many leading universities. 


In 1200 pages and with 707 
illustrations, the 1950 revised 
Exploration Geophysics 
covers the entire field of 
exploration by modern geo- 
physical methods. It is con- 
cisely and clearly written by 
an internationally known geo- 
physicist, in close collabora- 
tion with 39 other leading 
authorities. 











Bi : - 
Send your money order or check for $12.50 for a copy of Exploration Geophysics on ! 
i 5-day approval. If you are not fully satisfied, merely return the book in its original ! 
! condition and your money will be promptly refunded. ' 
TRIJA PUBLISHING COMPANY, TRIJA BUILDING, LOS ANGELES 24, CALIFORNIA ' 
t SS EI EOL Ss TD oe a tel LE oe ee as 
CONTENTS 
CONTRIBUTORS AND COLLABORATORS, Preface corrections. Well velocity shooting. Graphical com- 
6 pages puters. Instrumental analysis, Drills, Explosives. 
CHAPTER I 18 pages Air shooting. Off-shore seismic operations. Radio 


INTRODUCTION—History of geophysical meth- 
ods. Contemporary workers and _ developments. 
Trends. Development of future methods. 

CHAPTER II 52 pages 
GEOLOGIC AND ECONOMIC BACKGROUND 
OF EXPLORATION GEOPHYSICS—Factors 
governing application and choice of methods. Field 
technique. Use of Geophysics in prospecting for 
petroleum and metallic minerals, water supply, and 
engineering applications, 

CHAPTER III 186 pages 
MAGNETIC METHODS—Theory, instrumenta- 
tion, field operations, calculation and interpretation. 
Airplane, helicopter and ship-borne operations. 

CHAPTER IV 190 pages 
GRAVITATIONAL METHODS—Theory, instru- 
mentation, field operations, calculation and inter- 
pretation, Pendulum, torsion balance, gravity meter 
measurements. Land and under-water meters. Div- 
ing bell. Leveling and photogrammetric mapping. 

CHAPTERS V and VI 202 pages 
ELECTRICAL METHODS—Theory, instrumenta- 
tion, field operations, calculation and interpretation. 


Potential, equipotential resistivity and inductive 
methods, 
CHAPTER VII 300 pages 


SEISMIC METHODS—Refraction and reflection 
techniques, Theory, instrumentation, field opera- 
tions, calculation and interpretation, Dip, correla- 
tion, pulse, spot_and geological correlation, con- 
tinuous profiling. Fault mapping. Low velocity layer 


surveying. 

CHAPTER VIII 28 pages 
CHEMICAL METHODS—Physical _ principles. 
Sampling, analysis, field operations and interpreta- 
tion. ; 

CHAPTER IX 21 pages 
THERMAL METHODS—Theory of heat flow. 
Vertical gradients and lateral variations, Interpreta- 
tion. 

CHAPTER X 29 pages 
RADIOACTIVITY METHODS—Particles and 
uanta. Radioactive elements, Instrumentation. 

ield techniques. Interpretation. 

CHAPTER XI 106 pages 
BORE HOLE INVESTIGATIONS--Resistivity, 
self potential, temperature, photoelectric, logging 
techniques, Dipmeter, photoclinometer, sidewall 
sampling, section gauges, radioactive markers. 
Radioactivity well logging. Examples and interpreta- 
tion. 

CHAPTER XII 21 pages 
PHYSICAL PRINCIPLES APPLIED TO PRO- 
DUCTION PROBLEMS—Theory of oil produc- 
tion. Reservoir pressure. Methods for determining 
fluid level. Solution of pumping problems. 

CHAPTER XIII 20 pages 
LAND TENURE, PERMIT AND TRESPASS 
PRACTICES: INSURANCE for Geophysical op- 
erations, PATENTS governing Geophysical Instru- 
mentation and Exploration. 


INDEX—Name and Place. Subject. 17 pages 
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4 fact-packed books for the Geophysicist ... 


New facts about 
three - quarters 
of the earth 


How fo apply 
our new un- 
derstanding of 
earth waves 


* “the finest sin- 
gle volume 
available” 


Written from the 
modern _physi- 
co - chemical 
viewpoint 


MARINE GEOLOGY 
By PH. H. KUENEN, University of Groningen 


With the rapid increase in our understanding of marine geology, facts 
about the ocean floor are becoming steadily more important to geophysi- 
cists. The latest geological information about submarine landforms and 
their interpretation, sedimentary cover of the sea floor, the structure of 
atolls, and other topics of special interest to geophysicists are among 
the subjects covered. 

In addition to reviewing facts gathered in recent studies by oil com- 
panies, oceanographical institutions, and a few individuals, Dr. Kuenen 
gives a clear picture of the far greater number of problems still to be 
solved. 1950. 568 pages. $7.50. 


EARTH WAVES 
By L. DON LEET, Harvard University 


Dr. Leet reviews our present knowledge of elastic waves propagated 
through the earth, and shows how these facts can be used in prospecting, 
mapping earth structures, and other fields. The data he includes on two 
new wave types, on the interpretation of refraction profiles, and on 
microseisms have never been published before, or have been published only 
in periodicals of limited circulation. The four chapters cover: the measure- 
ment of earth waves; observed types of earth waves, transmission of earth 
waves, and microseisms. A Harvard Monograph in Applied Science. . 
1950. 122 pages. $3.00. 


ECONOMIC MINERAL DEPOSITS, Second Edition 
By ALAN M. BATEMAN, Yale University 


Dr. Bateman gives a comprehensive account of the occurrence and form 
of mineral deposits, based on his first-hand knowledge of these deposits in 
all parts of the world. He completely revised the second edition to em- 
phasize the interpretation of mineral deposits and give many practical 
conclusions for ore finding. 

* Vernon E. Scheid of the University of Idaho called the second edition: 
“. . . the finest single volume on mineral deposits that is available to the 
general student in America.” ... 1950. 916 pages. $7.50. 


Introduction to 
THEORETICAL IGNEOUS PETROLOGY 


By ERNEST E. WAHLSTROM, University of Colorado 


THE MINES MAGAZINE said: 
“The author has stressed the quantitative approach to the subject. He 


presents a survey of the theory and practice of geophysics and of physical 
chemistry—especially the phase rule... . 

“This excellent book goes a long way toward remedying that situation 
(the lack of a reliable reference book) and will fulfill a great need 
for those concerned with the practical application of petrological knowl- 
edge.” 1950. 365 pages. $6.00. 





For sale by: 
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GENERAL 
CARTOGRAPHY 


PRACTICAL guide to help you under- 

stand, plan, and draw maps. You’re 
shown how to read the symbols in which the 
contents of maps are expressed ... how pho- 
tographic surveys are made ... how maps 
are reproduced, etc. The book includes a 
complete listing of symbols for roads, rivers, 
mountains, cities, etc., and discusses topo- 
graphic and_ military 
maps, projections, air- 
plane photo interpreta- 
tion, geological maps, 
and so on. Tells the story 
of map making from 
the earliest maps, to sta- 
tistical ones. 












By 
ERWIN RAISZ 


Lecturer in Cartog- 
raphy, Harvard Uni- 
versity 


340 pages, 714 x 9% 
over 300 illustrations 
$6.50 


For sale by 
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Box 7248 Tulsa 18, Oklahoma 








Just Published! 


PRINCIPLES OF 
SEDIMENTATION 


New Second Edition 





By W. T. Twenhofel 
Professor Emeritus of Geology, U. of Wisconsin 
673 pages, 6 x 9, illustrated, $6.50 


ERE is practical information on 

sedimentary products and their sig- 
nificance. Beginning with a discussion 
of the origin of sediments, the book 
takes you through transportation and 
deposition, to formation of the sedi- 
mentary rocks. The importance of ob- 
servations in terms of recovering eco- 
nomic products from sedimentary ma- 
terials is fully treated. Traces all mod- 
ern developments and research. 


For sale by 
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— Revised and Enlarged 2nd Edition ——' 














Apply these modern 
theories for more 
efficient oil recovery 


HIS “key” to greater efficiency in 

oil and gas production presents the 
fundamentals of physics that underlie 
all basic types of oil-production mecha- 
nisms, including the solution-gas-drive, 
water-drive, and gravity-drainage sys- 
tems. The book also discusses the de- 
velopment of condensate reservoirs, 
and the recovery of additional oil from 
depleted reservoirs by both gas and 
water injection. 


JUST OUT! 


PHYSICAL PRINCIPLES OF 
OIL PRODUCTION 


By MORRIS MUSKAT 
Director of Physics Division, Gulf Research 
and Development Corp. 
937 pages, 6 x 9, 402 illustrations, $15.00 
For sale by 
SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 7248 Tulsa 18, Oklahoma 














CHEMISTRY OF HIGH POLYMERS 
H. W. MELVILLE, D.Sc. 


Professor of Chemistry, Marischal College, Aberdeen 
AND 


SURFACE CHEMISTRY 
E. K. RIDEAL, D.Sc. 


Fullerian Professor of Chemistry, Royal Institution 


This book consists of two parts, The first part deals with 
the synthesis, molecular size and molecular structure of high- 
polymer substances. The synthesis of high polymers, the vari- 
ous methods used for the determination of the size of high- 
polymer molecules and their chemical structure are discussed 
in detail. 

The second part is devoted to Surface Chemistry including 
the reaction at solid surfaces, the mechanism of adsorption 
of hydrogen on metals, the behavior of liquid surfaces and the 
reactions in monolayers, 


CONTENTS 


Part 1. Synthesis; Molecular Size: O ry, Vi 

try, Light Scattering, Electron Microscope; Molecular 
Structure: X-ray Methods, Heats of Polymerization, In- 
frared Methods, Chemical Methods. Part 2. Reactions at 
Solid Surfaces: Mechanism of Adsorption of Hydrogen on 
Metals; Catalysis: Chemisorption of Hydrogen; Liquid 
Surfaces: Measurements with the Langmuir-Adam Trough; 
Reactions in Monolayers. 




















76 pages e illustrated * $2.50 


Order your copy from 


GEOPHYSICS 


Box 7248 Tulsa 18, Okla. 


Please mention GropHysics when answering advertisers 













GEOPHYSICS the Journal of the Society of Exploration Geophysicists 





Dependable, Uniform 
RECORDINGS 


Under Adverse Conditions 


You'll be making seismograph recordings on hot, humid and 
dusty days under the most unfavorable conditions. Be pre- 
pared ... minimize your difficulties with a recording paper 
that consistently produces fine results under tough field con- 


ditions. Specify Haloid Seismograph Recording Paper. 


Successfully combining photographic excellence with 
rugged resistance, this superior recording paper retains 
its exceptional original qualities under severest tests. Sharp 
contrast, speedy development, uniform quality, easy manip- 
ulation, strength and minimum curl are features that appeal 
to critical geophysicists. 


Write today for further details and sample rolls. 


| 
THE HALOID COMPANY 
| 

















Please mention GEopHysIcs when answering advertisers 











GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


15 





: 
| 
| 
| 
| 
| 
| 


GEOPHYSICS ADVERTISERS 





Accident Prevention Service ................ 74 «©6=MicCollum “Exploration €o..3. 5.66.6 ecccce ccs 62 
Advanced Exploration Company ............ 55 McGraw-Hill Book Company .............. 13 
Aero Service Corporation ...........+eeeeeee 38 Midwestern Geophysical ‘Lab. .............. 69 
Pema, gen i 0s eee yer 24 National Geophysical Company ......... 2nd cover 
Amer. Association of Petr, Geol. ........... Bs North American Geophysical Co. ............ 28 
Amer, Institute of (Physics .......50¢-scceee 26 =Petty Geophysical Engr. Co. ...........¢... 61 
American (Paulin System ..........ccescee0- 31 Radian Instrument Company ............... 74 
Atlas Exploration Company ................+ 36 Radio Corporation of America .............. 70 
Atlas Powder Company oo cacsc cic leds ven ews 48 ‘Robert: Rae Comsat eos 6 ccaesceck Secs 52 
Wit ik. HArrecaMe, « ndksieds sqcsacss + veces 29 = Rayflex Exploration Company .............. 49 
Bishop Powder & MMII ORME glaciers cbc deen 26 Reliable Geophysical Company .............. 72 
Braithwaite © Caldwell .... 6. iceccesccsccee 33 Republic Exploration Company .............. 37 
Century Geophysical Corp. .....:....0cccese 9 Toba FP: Rider) Paieher =<... 5 lvccccccecs 54 
POW CUE AINIE oo oig.c gcc. vicina cols :ccersiearo'ere's 46 =6GGCUR Se, No otic os orci ccc dacncieene 53 
Coeperacion: dé FOmente: os «cnc tsics ces dco ccss 4 Ruska Teisteimenit) Cotte,» sx «ace niae gies 0s sages 51 
E. I. ‘Du Pont—Explosives ...........0000. Schlumberger Well Surv. Corp. ............ 71 
Eastman Kodak Company ..............-...- SMOISIIC ZANGIURER. BUCO ope oc: asc cceicsieeep cme ts 64 
Economic Geology ....... iste sisidiee s Seismic Engineering Company .............. a 
Electro-Technical Laboratories Seismic Explorations, Inc. ....... 
Exploration Anchor Company Seismograph Service Corp. ......... : 
Geo. 'E, Failing Supply Co. a sae CCST COMIGAMBG ooo 5 co ve ce cee nce 
Frost Geophysical — te ade et aet ode wew Cy GP Sapith GMC. Coe ie dcte 
General Geophysical Company .............. 34 ‘Southern Geophysical Company ............. 
Geophysical Service Inc. .............. 4th cover S. W. Industrial Electronics Co. ............ 73 
Gravity Meter Exploration Co, .............. LG Sie Cut co vac ces Sec ns cceuccwcode 75 
Pits, Peale COMmeagg aca ssc oie cc.n'cceseseas's TG ‘Techsttes’ Tntemen® Ce... 6 oon. 5 cesisicie csiesones 30 
Harrison Equipment Company ............. 41 Texas Seismograph Company .............. 24 
Tests J. TIAWthOene ING, oes cto sccccennc cans 39 Thermador Electrical Mfg. Co. .............-. 35 
Heiland Research Corporation ETT Cee 40 ‘Tidelands Exploration.Co... ..:..00+ .ccsessewes 65 
Hercules Powder Company ........0sssecec- 60 Triad. Transfocmter Msg Co... ook so ce ccieake 58 
Hilger & Watts Ltd. ...... telecine ase ies 68 Trija ‘Publishing Company .................. 10 
Houston Technical Laboratories .............. 63 United Geopliysiculc@a ccc. dscecccceuses Insert 
Independent Exploration Co. ............--- 47 Vector Manufacturing Co. ............c00 67 
Industrial Electronic Supply Co. ............- 26 Western Geophysical Co. of America ........ 66 
Pepetens See AE pe ear ee & Joh Wiley & SeGe- Bits «oes cesiec cv esets 12 & 24 
igus: Penloeatiots (Con. chee ne oc ccc cas cecce . ' 
Lane-Welis “Canmiane.(. «cscs cicdancuncuodas 50 =P “— i om DIRECTORY BEGINS 
Marine Exploration Company ................ 45 ON PAGE cece eee cece cece eee eee e eens 
Mayes-Bevan ‘Comgaty <..cescceseecurnoes <a 46 GEOPHYSICAL, SOCIEFIES® 2.00 0cRN ie 23 











STANDING COMMITTEES (Continued from page 1) 


Shell Oil Co., Inc., 3737 Bellaire Blvd., Houston 5, Tex.; C. A. Heiland, Heiland Research Corp., 
Box 360, Denver, Colo.; Beno Gutenberg, Calif. Inst. of Tech., 220 N. San Raphael Ave., Pasadena, 
Calif.; Perry Byerly, Univer. of Calif., Bacon Hall, Berkeley 4, Calif. 

Student Membership: Jack C. Pollard, Robert H. Ray Co., 2500 Bolsover Rd., Houston 5, Tex. 
(Others to be appointed.) 

Public Relations: Paul L. Lyons, Chairman, The Carter Oil Co., Box 801, Tulsa 2, Okla. 

Distinguished Lectures: Joseph A. Sharpe (’51), Chairman, Frost Geophysical Corp., Box 58, Tulsa, 
Okla.; R. C. Dunlap, Jr. (’51), Geophysical Service Inc., 109 Geo. Hay Bldg., Bakersfield, Calif.; 
John H. Wilson (’52), Independent Exploration Co., 1411 Electric Bldg., Ft. Worth 2, Tex.; H. R. 
Joesting (’52), Geophysics Branch, U. S. Geol. Survey, Dept. of Int., Washington 25, D. C.; C. H. 
Dix (’53), Calif. Inst. of Tech., Pasadena, Calif.; D. C. Skeels (’53), Standard Oil Company (N. J.), 
30 Rockefeller Plaza, New York 20, N. Y. 

Radio Frequency Allocations: R. D. Wyckoff, Chairman, Gulf Research & Development Co., Drawer 
2038, Pittsburgh 30, Pa.; W. M. Rust, Jr., Vice Chairman, Humble Oil & Rfg. Co., Box 2180, 
Houston 1, Tex.; B. W. Sorge, United Geophysical Co., 1065 Kendall Dr., San Gabriel, Calif.; 
John P. Woeds, The Atlantic Rfg. Co., Box 2819, Dallas 1, Tex.; V. Robert Kerr, Kerr-Dudley 
& Co., 513 Neil P. Anderson Bidg., Ft. Worth, Tex.; Daniel Silverman, Stanolind Oil & Gas Co., 
Box s91, Tulsa 2, Okla.; Richard Brewer, The Atlantic Rfg. Co., 1001 Eastern Bldg., Shreveport, 


La. 

Reviews: Milton B. Dobrin, Chairman, Magnolia Petroleum Co., Box goo, Dallas 1, Tex.; A. A. Brant, 
244 Bay St., Toronto, Ont., Canada; Kenneth L. Cook, U. S. Geological Survey, Salt Lake City, 
Utah; Francis F. Campbell, Amerada Petroleum Corp., Box 2040, Tulsa 2, Okla.; N. C. Steenland, 
Gravity Meter Exploration Co., 1321 Esperson Bldg., Houston 2, Tex.; A. J. Hermont, Shell Oil 
Co., Inc., 3737 Bellaire Blvd., Houston 5, Tex.; J. B. Hersey, Woods Hole Oceanographic Inst., 
Woods Hole, Mass.; C. G. Dahm, Magnolia Petroleum Co., Box goo, Dallas 1, Tex. 

Annual Review of Geophysical Activity: E. A. Eckhardt, Chairman, Gulf Research and Development 
Co., Drawer 2038, Pittsburgh 30, Pa.; A. A. Brant, 244 Bay St., Toronto, Ont., Canada; Herbert 
Hoover, Jr., United Geophysical Co., 595 E. Colorado St., Pasadena 1, Calif.; D. C. Skeels, 
Standard Oil Co. (N. J.), 30 Rockefeller Plaza, New York 20,N.Y. | 

Directors of American Geological Institute: Henry C. Cortes (’51), Magnolia Petroleum Co., Box goo, 
Dallas 1, Tex.; L. L. Nettleton (’52), Gravity Meter Exploration Co., 1321 Neils Esperson Bldg., 


Houston 2, Tex. A : 
Representative on Division of Geology and Geography of National Research Council: L. L. Nettleton. 








Please mention GEopHysics when answering advertisers 





GEOPHYSICS the Journal of the Society of Exploration Geophysicists 


PETFENDABLESRRAVITY SURVEYS 
DETAILER AL YSES OF 
meesiy AND AEROMAGNETIC SURVEYS 


Since 1925 GMX crews have surveyed the principal petroleum areas 
of the world. A quarter century of experience is behind both our field 
operations and our interpretations. This experience is your assurance 
of dependable analyses based on reliable surveys. It is also available 
for the careful review of your existing gravity or aeromagnetic data. 


GRAVITY METER 
EXPLORATION CO. 
geophysicists 


ESPERSON BLDG. HOUSTON, TEXAS 
W. G. SAVILLE 
A. C. PAGAN 
L. L. NETTLETON 
M. W. BAYNES 


Please mention GropHysics when answering advertisers 











PES Stig AE et 








VoLuME XVI JANUARY, 1951 NUMBER I 


GEOPHYSICS 


A Journal of General and Applied Geophysics 














GEOLOGY AND GEOPHYSICS OF THE NORTH SNYDER 
AREA, SCURRY COUNTY, TEXAS* 


NEAL CLAYTONT 


ABSTRACT 


Discovery of the North Snyder reef in November, 1948 by the Standard of Texas focused the 
attention of the oil industry on this part of West Texas and presented the geophysicist with the 
problem of how: to locate other reefs of this type. 

The North Snyder reef is unique in that reflected energy is obtained from the reef-shale contact 
in some parts of the field. Magnetic, gravimetric and seismic data are presented to show some of the 
effects to be expected from a reef of this type. 

A number of electric log correlations are included in order to illustrate the geology of the field. 
From the electric logs it appears that the “draping” effect is small above the thick Pennsylvanian 
shale section which compensates for the reef mass. Contour maps for the base of the Coleman Junction 
limestone and the top of the Canyon reef are presented. 


INTRODUCTION 


The discovery of the North Snyder reef in November, 1948, by the Standard 
of Texas No. 2-1 Brown focused the attention of the entire oil industry on this 
part of West Texas and at the same time initiated the greatest lease and royalty 
play since East Texas. This particular field is important for several reasons. In 
the first place, the discovery took place in what had previously been considered 
a “no man’s land” for oil men. The phrase, ‘“‘stay out of Scurry County,” has 
since proved to be very embarrassing to many geologists. Secondly, seismic record 
quality is such in the area that had a reconnaissance type survey alone been used, 
the prospects would most certainly have been classified as marginal. It was only 
by the use of close detail that sufficient data were obtained to justify use of the 
drill. North Snyder is important because it is an example of a Pennsylvanian reef 
located directly by means of reflected energy obtained from the reef itself. Most 
other reef discoveries, at least in West Texas, have resulted from indirect seismic 
methods, e.g., the mapping of beds affected by the reef mass, and last, but not 
least, the field is important to geophysicists because it represents a geophysical 
discovery. 

* Presented at the Annual Meeting of the Society of Exploration Geophysicists at Chicago, 
April 1950. Manuscript received by the editor August 3, 1950. 

Tt Republic Exploration Company, Tulsa, Oklahoma. 
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Location of the discovery well was based on a reflection seismograph survey 
made for the Standard Oil Company of Texas by the Southern Geophysical 
Company. The North Snyder area is located in the west central part of Scurry 
County, some eight miles north of the town of Snyder, Texas, from which it gets 
its name. (See Fig. 1.) The field divisions shown are merely arbitrary ones. Re- 
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Fic. 1. Location of the North Snyder reef area with respect to other major fields in 
Scurry County. 


cently the Kelly, Snyder, and Wilkirson reefs have been declared a common 
reservoir. It is now an established fact that this field is merely one of an arc or 
chain of Canyon reefs extending from Terry County to Kent County. North 
Snyder thus far is the largest of the fields in this chain. 


HISTORY OF DISCOVERY 


Early Exploration: During the late nineteen thirties and early nineteen forties, 
many oil companies conducted reconnaissance type surveys with the magnetome- 
ter or gravity meter in Scurry County. These included the Humble, Magnolia, 
Standard of Texas, Gulf, Ohio, General Crude, American Republics, Mid- 
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Continent, and others. It is reported that at least one of the gravity surveys 
indicated a pronounced maximum at North Snyder upon which a sizeable block 
of acreage was taken, but later dropped. A magnetometer map of the area pre- 
pared before the reef development began indicates an east-west trend from a 
pronounced anomaly some three or four miles to the east. (See Fig. 2.) This 
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Fic. 2. Magnetic map of the area immediately surrounding the North Snyder reef. 
Contour interval—2z5 gammas. 


strong anomaly will be discussed subsequently in more detail. A broad anomaly is 
indicated northwest of the field in an area of scattered Ellenburger production. 
Several positive Ellenburger areas are located in this general direction. Although 
the station density used in the vicinity of the North Snyder reef is small, no defi- 
nite anomaly seems to be present there. A contour interval of 25 gammas was 
used in the preparation of his map. 

A total gravity map of this part of Scurry County prepared in the early part 
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of 1944 by the Magnolia Petroleum Company indicated no outstanding anomaly 
associated with the reef. (See Fig. 3.) The strike of the regional contours here is 
due primarily to the large Crosbyton maximum to the northwest. Although 
there is apparently no subsurface expression for this anomaly, at least above the 
granite, it is not entirely beyond the realm of possibility that perhaps some feature 





Fic. 3. A total gravity map of the North Snyder reef area, courtesy of the Magnolia 
Petroleum Company. Contour interval—o.2 milligal. 


in this area during the past geologic time initiated the great arcuate pattern of 
reefs currently being developed. A contour interval of 0.2 milligal and a surface 
density factor of 0.68 units per foot were used in the-preparation of this map. 
A second order gradient map prepared from the total gravity by Republic’s 
gravity department shows a long north-south maximum, most pronounced in 
Section 440 where the discovery will was drilled. (See Fig. 4.) This feature is sur- 
rounded by a “halo” or ring minimum. This latter effect would be increased by 





UNE Se 











THE NORTH SNYDER AREA, SCURRY COUNTY, TEXAS 5 


a reduction in the value of the density factor. A northeast-southwest trend is 
apparent. Over the Wilkirson reef to the southwest a minimum is present. This 
could possibly be explained by a net decrease in the amount of shale above the 
reef in this direction. Several electric log cross sections will be used later to illus- 
trate this possibility. 

Seismic Exploration: The Humble Oil and Refining Company worked the 
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Fic. 4. A second order gradient map prepared from Figure 3. 
Contour interval—o.2 milligal. 





North Snyder area in a reconnaissance fashion with the reflection seismograph 
for a few months in 1938. A program of correlation shooting was followed. Some 
acreage was taken as a result of the survey. It is reported that a northwest-south- 
east trending feature extending through Section 339 was indicated by this survey. 
Later, in the early summer of 1946, two months of continuous profile shooting 
was done in the area. As a result of this later work, the Humble drilled their 
No. 1 Davis in the SW SW of Section 339, H & T C RR, Block 97. This well 
topped the Canyon reef at — 4,312, but was abandoned as a dry hole in January 
of 1947 without testing the reef. The well was drilled as an Ellenburger test, 
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however, and at that time the thick Pennsylvanian lime section was not recog- 
nized as reef material. 

The Standard Oil Company of Texas in 1944 had acquired a block of acreage 
several miles to the east of the North Snyder reef as one of a number of leaseholds 
resulting from gravity and magnetometer studies in West Texas. This particular 
block was located on a magnetometer anomaly, the same strong feature pointed 
out previously on a magnetic map of the area. A Southern Geophysical Company 
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Fic. 5. Amount and extent of the structure revealed by the 
Standard of Texas seismic survey. 






































crew began detailing this block in September, 1947. Later, the survey was ex- 
tended to include the north part of the present North Snyder field. Shooting con- 
tinued in the area until August, 1948 when the discovery well was spudded. 
Normal reflection shooting methods were used, employing 24 trace seismographs, 
with two geophones per trace and holes spaced 1,000 to 1,500 feet apart. Ground 
overlap was not used. However, mixing was employed, in some instances as much 
as 66%. Record quality was generally poor over much of the area. This is due 
in part to the presence of caliche or weathered Ogllala at the surface over most 
of this part of Scurry County. To enhance the reliability of the correlations, a 
grid of profile lines along east-west and north-south boundaries and diagonal lines 
through the corners and centers of the six or seven sections centering about 
Section 440 was used. : 

Interpretation of this work indicated the presence of a sizeable pre-Permian 
structure centering in Section 440. Figure 5 indicates the amount and extent of 
the dips found by the survey. No tie was made to the Humble No. 1 Davis in Sec- 
tion 339, the only deep test in the area at that time. A phantom was carried for 
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the top of the reef, which explains why the relief indicated by shooting was less 
than that shown by drilling. A sizeable lease block was taken over the structure 
revealed by the survey. ; 

Shortly after completion of their discovery well, the Standard of Texas ran 
a detail gravity survey over an area of 100 square miles surrounding the north 
part of the North Snyder reef. Sixteen stations per square mile were used in the 
survey. Interpretation of the data failed to reveal any anomaly associated with 
the reef mass. 
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Fic. 6. Contour map of the North Snyder reef based on well control. 


A contour map of the top of the reef based on well control indicates the general 
features of the field (Fig. 6.) The discovery well in the southeast quarter of the 
northwest quarter of Section 440 was apparently accurately located on the apex 
of the reef by the shooting. An important extension well, the Sunray, Ryan, Hays 
& Burke No. 1 Brown, some three miles south, completed in April 1949, was only 
200 feet lower than the discovery. Seismic work began by Republic for Sunray 
following completion of this well predicted that the crest of the reef would be 
found about one mile to the east. Drilling has since proved this to be the case. 

Development of the North Snyder field has provided several exciting lease 
and royalty plays. Possibly the most spectacular of these was one which followed 
completion of the Castleman and O’Neill No. 1 Huckabee in the northwest 
quarter of the northeast quarter of Section 160 during September, 1949. This 
well topped the reef at — 3,750, thus becoming the highest well in the entire area. 
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Since the well was two miles southeast of the nearest production at that time, it 
was believed the trend would be in this direction. Later drilling has shown this 
well to be on a very small peak located on a rather broad terrace. 

An east-west seismic time cross section over the south part of the field 
illustrates some of the problems involved in locating a reef of this type by 
seismic methods. (See Fig. 7.) Over most of the area energy is reflected from the 
reef-shale contact. This in itself is unusual for most West Texas reefs. Few con- 
tinuous events below the reef are obtained, and those from the Permian show little 





Fic. 7. Seismic time cross section over the North Snyder reef. 


or no relief over the reef. For these reasons the usual methods for locating reefs 
by the seismograph are difficult to apply here. One clue should be noted about 
the shallow events, however, and that is the steepening of the dip in these beds 
toward the basin. In order to prepare a Permian map over this reef from shooting, 
very close control and the use of a phantom would be necessary. The presence of 
“transient”’ events in the shale section above the reef is particularly troublesome 
east of the reef crest. 

Figure 8 is an example of how the reef event may be identified in areas where 
it is good and continuous. Any difference in “‘step-out” time across the record 
between the reef event and other events on the record is most important in 
identifying this reflection beyond breaks in the continuity. In many spots the 
reef event is discontinuous, making the use of close control imperative. That the 
reef event is not continuous over the entire area is not too surprising since an 
examination of the electric logs indicates considerable variation in both porosity 
and resistivity for the top of the reef. Cores from several wells in the field have 
shown the reef material to be less dense than the overlying shale. 














THE NORTH SNYDER AREA, SCURRY COUNTY, TEXAS 9 


GEOLOGY 


The geology of North Snyder will be illustrated by means of several electric 
log cross sections. Regionally, the field is located on what is known as the eastern 
shelf of the Permian Basin. The Permian-Pennsylvanian contact is near the top 
of the black shale which overlies the reef. The section above — 1,800 feet is monot- 
onously regular and so will not be discussed here. A marked change in lithology 
occurs between the base of the Coleman Junction limestone of lower Permian 
age and the top of the black shale, even between adjacent well locations. As a 
rule, the top of the shale section is difficult to correlate without the use of samples. 
Consequently, most reflections obtained from this part of the section are continu- 
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Fic. 8. A sequence of three 1,320-0-1,320 foot records showing positive identifications 
of the reef event. 


ous for only a short distance. In general, this has proved to be the case over most 
of the North Snyder area. 

Figure 9 is an east-west well cross section along a line one location north of 
the discovery well for the North Snyder field. While there seems to be a very 
slight amount of reversal in the lower Permian over the reef, most of the compac- 
tion or draping appears to be within the shale section. This would appear to be 
a reasonable assumption since shales as a rule undergo more compaction than do 
limestones. 

The relationship of beds below the reef is illustrated by Figure 10. From this 
correlation the “reef buildup” appears to begin some 400 feet above the top of 
the Ellenburger or in the upper Strawn. No pronounced Ellenburger high is in- 
dicated below the reef. The Standard No. 2-5 Brown in Section 440 is the only 
well thus far which has been taken to the Ellenburger on the crest of the reef. 
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Fic. 9. An east-west electric log correlation across the 
north part of the reef. 


Due to the scarcity of the well control for the Ellenburger, the presence of local 
structure cannot be entirely discounted. 

A contour map for the base of the Coleman Junction limestone, Figure 11, 
should be compared with the top of the Canyon reef, shown in Figure 6. The Cole- 
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CORRELATIONS FROM TOP OF REEF TO ELLENBURGER — WORTH SNYDER FIELO 








Fic. to. An east-west electric log correlation showing the relationship of the 
reef to the underlying formations. 
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man Junction shows a small amount of closure over the crest of the reef, an in- 
crease in regional dip to the west, and a decided flattening to the east of the field. 
Closure is present around the sharp peak in Section 160 and to the northwest in 
the direction of Section 339. It is believed this trend through Section 339 is a 
line of Post-Pennsylvanian folding unrelated to the reef mass. Perhaps the 
presence of a gravity minimum over the Wilkirson reef is due to the net loss of 











Tor 
- ” oe Ld ¥e7 ry 























iw 



























































as 


























NORTH SNYDER FIELO 
BASE OF COLEMAN JUNCTION LS. . 
C.L° art 
78 we MARCH 8, 1960 









































Fic. 11. Contour map of the base of the Coleman Junction limestone over the North 
Snyder reef based on well control. 


shale between the Coleman Junction and the reef. The difficulty of attempting 
to correlate stringers within the black shale should be apparent from this cross 
section. The presence of local reefing within the lower Permian should be noted. 

Figure 13 is an east-west cross section one location north of the high Castleman 
and O’Neill well. It indicates convergence to the west between the Coleman 
Junction and the reef. This cross section is similar to the previous one, except for 
the absence of a shale member immediately below the Coleman Junction. Again 
the occurrence of local reefing in the lower Permian is noticed. 

North Snyder thus far in this paper has been referred to as a Canyon reef of 
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' Fic. 12. A north-south electric log correlation across 
the sharp peak in Section 160. 


middle Pennsylvanian age. Among a number of geologists there exists consider- 
able doubt that the field is a true reef. One theory advanced is that perhaps the 
limestone accumulated as a result of the confluence of certain currents. The ap- 
parent absence of any interfingering between the reef and the surrounding shale 
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Fic. 13. An east-west electric log correlation across the 
south part of the reef. 
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is offered as evidence of such a theory. Apparent stratification within the reef 
as indicated by electric logs also seems to refute the reef theory. At least it can 
be said that this Scurry County field has revised the thinking of many geologists 
and geophysicists regarding reefs. 

In closing, the author would like to thank the following companies whose co- 
operation made the preparation of this paper possible: The Standard Oil Com- 
pany of Texas, The Magnolia Petroleum Company, The Barnsdall Oil Company, 
The Deep Rock Oil Corporation, and the Sunray Oil Corporation. In addition 
he would like to thank the geologists and geophysicists with whom he has dis- 
cussed this particular field. Some of their theories and comments are included 
in this paper. 
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ABSTRACT 


A regional gravity-meter survey executed during the summer of 1943 along the eastern slopes 
of the Sabine uplift indicated the presence of a prominent minimum trend. The first traverse of a 
subsequent reflection seismograph survey in portions of Townships 20 and 21 north, Ranges 12 and 13 
west, Bossier Parish, Louisiana, revealed strong critical west and north dips, after which the Benton 
structure was delineated by a moderate amount of seismograph work. Geophysical maps of the raw 
gravity configurations and two seismic contro] horizons are presented. A comparison of the base 
of the anhydrite control with the deeper seismograph horizon, later identified to be somewhat below 
the Bodcaw sand of the Cotton Valley series, demonstrates the shifting of the structural axes down 
dip with increased depth. 

The discovery well on the apex of the structure and 16 other development wells confirm the out- 
line of the seismic Cotton Valley picture. The structure is an elongate anticline approximately seven 
miles long with an average width of two and one-quarter miles. Although only 60 feet of closure on 
the “‘D” sand has been proven by drilled wells, it is evident that total closure must exceed 100 feet. 
The history of folding of the Benton structure reveals interesting comparison of the results of the local 
causative forces as opposed to the effects of regional tilting due to the Sabine uplift. The remarkable 
accuracy of the seismic data was chiefly responsible for the unusual development following discovery 
of the field which resulted in early unitization of leaseholds which later included mineral and royalty 
interests. This permitted very economical drilling costs and proper spacing and location of wells to 
secure efficient drainage. 


GEOPHYSICAL DATA AND MAPS 


The case history of the Benton Field is a very good example of how teamwork 
between geologists and geophysicists can result in the smooth execution of an 
exploration program in an area which, because of insufficient information, was 
presupposed to be devoid of worthwhile structures. Figure 1 shows the location 
of the Benton Field with reference to prominent landmarks. The area covered 
by the immediate structure is, of course, only a small part of the territory which 
was originally selected for geophysical investigation. For obvious reasons, only 
the maps of the structure and its immediate surroundings are presented in this 
paper. 

In general, the survey area can be described briefly as a broad, well-dissected 
ridge trending northeast-southwest, sloping eastward to the Bodcaw creek bot- 
toms and west and southwestward to the Red River. The elevations range from 
180 to 330 feet. The area is heavily timbered, and the surface is composed of 
recent alluvial deposits, Pleistocene gravels, and Eocene clays and shales. The 
soft varied colored clays and shales of the surface formations alternate with ir- 
regular layers of sand and gravel, passing into a coarse black shale within shot 
hole depth. This black shale was found to be the most consistent near-surface 
formation, and whenever possible, shot holes were bottomed in it. 







* Manuscript received by the Editor June 16, 1950. 
t Consulting Geologist, Shreveport, Louisiana. 
t Chief Geophysicist, Barnsdall Oil Company, Tulsa, Oklahoma. 
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During the spring and summer of 1943, a regional gravity meter survey in the 
general area of the eastern slopes of the Sabine uplift revealed a hoped for, but 
rather surprisingly prominent, minimum trend in an otherwise relatively un- 
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Fic. 2. Total gravity configuration, Benton Unit, Benton Field, Bossier Parish, La. 


disturbed configuration: (See Fig. 2.) The heavy dashed outline with cross-hatch- 
ing, shown in Figure 2 and all the following maps, represents the boundary of the 
Benton Unit Block. It is shown here as a reference guide, since it practically out- 
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lines the area of production. The gravity anomaly seemed to attain its greatest 
intensity approximately in the northeast corner of T. 20 N., R. 13 W., and the 
northwest quarter of T. 20 N., R. 12 W., some five miles northeast of the town 
of Benton, in Bossier Parish, Louisiana. No attempt was made to extract the 
regional gradient from the Bouguer gravity picture. However, the highly irregular 
aspect of this total gravity configuration alone was interpreted as representing 
a structural trend having a southeast-northwesterly alignment. Bellevue Dome 
in T. 19 N., R. 11. W., is also on the same trend. 

Because the presence of such a trend indicated extremely anomalous condi- 
tions in an area characterized by the supposedly undisturbed flank of the Sabine 
uplift, it was deemed advisable to follow through with a reflection seismograph 
survey. A National Geophysical Company crew contracted by Barnsdall Oil 
Company and the Sohio Petroleum Company began a survey on September 20, 
1943. The first traverse, shown by a double dashed line, was started just west of 
the gravity anomaly and was carried eastward to a point situated approximately 
on the apex of the gravity minimum trend; thence it was carried northward for 
approximately 3 miles. From the apex of the gravity anomaly west to the begin- 
ning of the seismograph traverse, approximately 200 feet of west dip had been 
observed. North dip, also amounting to approximately 200 feet, still seemed to 
be present at the northernmost end of the traverse. East dip was regional, and 
southeast closure some four miles to the south was established during the next 
few days. By now there remained no doubt that a major structure had been 
discovered. | 

Although it is not intended to advocate insufficient detail work, it must be 
admitted that the delineation of the Benton structure was accomplished with a 
relatively moderate number of seismic profiles. This was probably due to a 
number of favorable circumstances, from a seismological as well as a field tech- 
nological standpoint. A number of well-placed roads and trails facilitated the 
surveying. No serious trouble was encountered during the shot hole drilling 
operations, and the holes which were bottomed in the previously mentioned 
black shale, stood up well. The average shot hole depth was 45 feet and the aver- 
age charge 3.5 pounds. 

A 1o-trace reflection seismograph recording set with two seismometers per 
trace was used along 1,320-foot spreads throughout the prospect. Most of the 
records varied from fair to good as illustrated in Figure 3. Since the flanks of the 
structure, particularly on the east side, proved to be rather smooth, a minimum 
of check or fill-in work, such as 660-foot spreads, was necessary. Furthermore, 
since continuous profiling work could be carried out without difficulties, very few 
re-shots had to be taken. 

The results of the seismic work are shown on two control horizons. The 
shallower horizon as illustrated in Figure 4 at an approximate depth of —4,300 
feet, is based on correlations of reflections believed to be associated with the 
base of the anhydrite. The deeper horizon (see Fig. 5), at approximately — 8,100 
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Fic. 3. Typical seismic records, Benton Area, Bossier Parish, La. 


feet, representing the configuration of a fairly consistent horizon, was believed 
to fall in the upper part of the Cotton Valley series. At the time of the survey 
there was no information from nearby wells which could be used as a guide to 
determine the exact stratigraphic position of this specific horizon. Therefore no 
attempts were made to describe it by any other name than “Cotton Valley” con- 
trol. Furthermore, because the best velocity information available was from the 
Atlantic Refining Company No. 1 Baker in Columbia County, Arkansas, which 
is quite a distance from Benton, it was felt that the total depth measurements 
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Fic. 4. Seismic horizon, Benton Unit, Benton Field, Bossier Parish, La. 
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could be only approximate. However, the relative depths were believed to be 
accurately determined by the use of this velocity value. 

The shallow horizon depicting the base of the anhydrite control as shown in 
Figure 4 does not indicate the presence of major structural closure at that depth. 
However, there a distinct ridge is visible characterized by a broad zone of flat- 
tening and some northeast-southwest turnover. Superimposed on this trend 
are at least one prominent anticlinal nose and several local closures of more or 
less 50 feet. The observed axis of the anhydrite anticline apparently heads in a 
northwest-southeasterly direction from the center of the west line of Sec. 34, T. 
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Fic. 5. Seismic horizon, Benton Unit, Benton Field, Bossier Parish, La. 


21 N., R 13 W., to the southwest corner of Sec. 21, T. 20 N., R 12 W. The 
reflections from this horizon have good character and excellent continuity. East 
dip is prominent along the entire length of the structure. West dip is rather 
weak in most places, and critical northwest and southeast dip practically non- 
existent. Thus the anhydrite picture merely indicates that a structural bridge 
exists between Bellevue Dome and Pine Island. 

Comparing this alignment with the structural axis of the Cotton Valley pic- 
ture illustrated in Figure 5, a shift down dip or to the northeast is apparent. The 
maximum displacement occurs along a hypothetical southwest-northeast cross 
section through the highest point on the structure. To show this displacement, 
the axis of the anhydrite anticline is superimposed as a double dashed line on 
the Cotton Valley picture. The computation and interpretation of several other 
bands of reflections within the Cotton Valley series, and particularly one control 
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horizon approximately 600 feet higher than the one shown here, confirmed the 
interpretation that placed the apex of the deep-seated structure in Sec. 7, T. 
20 N., R. 12 W. 

The character of the reflection for the —8,100 foot horizon, although not 
quite as excellent as that of the anhydrite reflection, nevertheless was good 
throughout the most significant portions of the structure. At this depth con- 
siderably more relief was observed. Maximum west dip amounts to 550 feet, 
northwest dip to over 250 feet, and southeast dip to 200 feet. Total regional east 
dip was not established, since it was still obvious and persistent at the ends of 
the traverses shot in this direction. On the strength of this information, a drill site 
near the center of Sec. 7, T. 20 N., R. 12 W., was recommended. A well drilled 
in the southwest quarter of the northeast quarter of this section resulted in the 
discovery and production of gas distillate on the Benton structure. Sixteen 
additional wells confirmed rather closely the extent, shape and relief of the 
structure as predicted by the seismograph work. 
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Fic. 6. Top Nacatoch, Benton Unit, Benton Field, Bossier Parish, La, 


GEOLOGICAL DATA AND MAPS 


The Benton structure as mapped on the top of the Nacatoch formation shown 
in Figure 6 shows only gentle dip to the northeast of 50 feet per mile in the area 
overlying the deep-seated structure, and only 25 feet per mile over the northwest 
flank of the deeper fold. The effect of the Sabine uplift is well illustrated here by 
the tilt it has given the Benton structure. The top of the Nacatoch formation 
is approximately 120 to 140 feet below the top of the Arkadelphia marl, which is 
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the topmost member of the Upper Cretaceous. This contact is represented by 
the regional unconformity between the Upper Cretaceous of the Mesozoic age 
and the overlying Midway shale, which is basal Cenozoic in age. The top of the 
Nacatoch in the Benton Field is approximately 250 feet lower than Pine Island 
and goo feet lower than Bellevue. 

Figure 7 is an isopachous map between the Top Nacatoch and Top Paluxy. 
It shows the combined thickness of all but one of the formations composing 
the Upper Cretaceous. The Arkadelphia marl, which is from 120 to 140 feet in 
thickness, was omitted because of difficulty in picking the top from electric logs. 
The top of the Paluxy formation is represented here by an erosional uncon- 
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Fic. 7. Isopachous Map, Top}Nacatoch-top Paluxy, Benton Unit, 
Benton Field, Bossier Parish, La. 


formity which occurred at the close of the Lower Cretaceous and which marked 
a time of major diastrophism. Note that the well having the thinnest section is 
Unit Well No. 5, located in the northwest corner of the field. As will be shown 
later, this well is the lowest on the Jurassic formation of any well in the field. 
The absence of thinning of the Upper Cretaceous sediments over the structure 
shows that Benton had received almost its full growth by the close of the Lower 
Cretaceous. This same interval at Bellevue is approximately 100 feet thinner at 
the highest point of structure, thus showing that Bellevue did receive some 
growth during the Upper Cretaceous. At Pine Island, this interval is approxi- 
mately 200 feet thinner than at Benton, thus showing growth of that magnitude 
at Pine Island during the Upper Cretaceous. It was this growth of the Sabine 
uplift during this period which caused Unit Well No. 5, the closest well to the 
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uplift, to have a thinner section. This growth was also responsible for tilting 
Benton to the northeast. 

Figure 8 illustrates the structure at Benton as mapped upon the base of the 
Ferry Lake anhydrite of approximate middle Lower Cretaceous age. This forma- 
tion is widely used for regional sub-surface mapping, and it also provides one 
of the best reflecting horizons for the seismograph. Note that the first evidence 
of the possibility of a deep-seated structure at Benton is first revealed by forma- 
tions in the Lower Cretaceous. Here again Unit Well No. 5 in the northwest 
corner of the field is shown to be the highest well on structure, which was caused 
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Fic. 8. Base Ferry Lake Anhydrite, Benton Unit, Benton Field, Bossier Parish, La. 


this time not by faster growth of the Sabine uplift during deposition of the 
Lower Cretaceous sediments, but solely because of the enormous growth of the 
uplift at the end of the Lower Cretaceous, when Benton had almost ceased its 
growth. As a matter of fact, the Lower Cretaceous beds remaining at Pine Island 
are 150 feet thicker than the same beds in the highest well at Benton, thus 
showing Benton to have had much greater relative growth during this time. As 
an illustration of the relative magnitude of the rise of the Sabine uplift at the 
close of the Lower Cretaceous, information shows that approximately 400 feet 
of Upper Glen Rose and all of the 850 feet of Paluxy now present at Benton were 
removed by erosion at Pine Island. This shows a rise of 1,250 feet more than Ben- 
ton. 

A comparison of Benton with Bellevue indicates the remaining Lower Cre- 
taceous beds at Bellevue to be from 50 to 175 feet thicker than the same age beds 
at Benton, thus showing much greater relative growth of structure at Benton 
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during the Lower Cretaceous. Here again, however, Bellevue, like the Sabine 
uplift, received an enormous uplift at the close of the Lower Cretaceous which 
resulted in over 2,300 feet of beds, of this age now present at Benton, being 
removed by erosion at Bellevue. It is this uplift which is believed to be respon- 
sible for a slight tilt of the southeast end of the Benton structure, which is 
shown by Unit Well No. to, the closest well to Bellevue. This well is slightly 
higher on both the Top of Nacatoch and Base cf Ferry Lake Anhydrite than 
the several wells immediately to the northwest. 

The absence of closure on the Ferry Lake anhydrite explains the lack of 
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I'ic. 9. Top Cotton Valley black shale, Benton Unit, Benton Field, Bossier Parish, La. 


productions at Benton in the often prolific producing horizons in the Rodessa 
Lime Series of Lower Glen Rose age. Note that the axis of the structure as 
shown on this horizon extends from the northeast corner of Section 3 southeast- 
ward to the approximate center of Section 21. As will be shown later, the axis 
of the main portion of the deep-seated structure is located considerably north- 
eastward, but both axes converge approaching Section 21 at the southeast end 
of the field. Benton is about 1,700 feet lower than Pine Island on the Ferry Lake 
anhydrite and about 3,250 feet lower than the restored elevation of this formation 
at Bellevue. Thus it is evident that although Benton, Bellevue and Pine Island 
were relatively quiescent during the Upper Cretaceous, later folding during the 
Cenozoic gave Pine Island an additional 300 feet of uplift; Bellevue an additional 
800 feet; and Benton only a very few feet, if any. 

The structure map of the Top of Cotton Valley Black Shale, shown in Figure 
g, depicts the present structure of Benton as determined by the top of a 20-foot 
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bed of grey-black shale occurring about 100 feet below the top of the Cotton 
Valley formation of the Upper Jurassic. The unconformity existing between the 
Cotton Valley and the overlying Travis Peak formation of the basal Upper 
Cretaceous is only slightly apparent at Benton. The structure on this horizon 
shows only 18 feet of actual closure, although more closure is probably present. 
Note that the axis of the structure is now shown to extend from the northwest 
corner of Section 35 southeastward to the southeast corner of Section 21. 
Figure 10, which is an isopachous map between the Paluxy and the Cotton 
Valley, illustrates the growth of the Benton structure during deposition of the 
Lower Cretaceous sediments. Note that Unit Well No. 1 has 4,790 feet of Lower 
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Fic. 10. Isopachous map, top Paluxy-top Cotton Valley black shale, 
Benton Unit, Benton Field, Bossier Parish, La. 


Cretaceous while Unit Well No. 10 has a total of 4,934 feet or a difference of 
144 feet, which represents, as a minimum, the growth of the Benton structure 
during this time. 

Figure 11 shows the structure of the Benton Field as mapped upon the top 
of the Bodcaw Sand of Cotton Valley Age. This sand is one of the two producing 
sands in the field, the other being the ‘‘D” Sand lying about 110 feet above the 
Bodcaw. The actual closure shown is’61 feet by present well control. However, 
further drilling to the northwest of the field would undoubtedly show a much 
greater amount of closure. The interval from the top of the Black shale to the 
top of the Bodcaw sand varies from 467 feet in Unit Well No. 10 to 526 feet in 
Unit Well No. 5, a difference of 59 feet. This difference represents the growth 
of the Benton structure during deposition of the upper 500 feet of the Cotton 
Valley formation of Upper Jurassic age. Note that the axis of the structure is 
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now shown to extend from slightly southwest of the center of Section 35 south- 
eastward to the southeast corner of Section 21. This axis is over one-half mile 
northeast of the axis shown by the structure mapped on the base of the Ferry 
Lake anhydrite. 

The deepest penetration of the Cotton Valley formation was in Unit Well 
No. 3, which was drilled to a depth of 9,307 feet or 1,597 feet below the top 
of the Cotton Valley Black Shale. It is estimated that the Smackover formation 
of Jurassic Age would be encountered at Benton at about 10,700 feet. 
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Fic. 11. Top Bodcaw Sand, Benton Unit, Benton Field, Bossier Parish, La. 


COMPARISON OF SEISMOGRAPH AND SUB-SURFACE STRUCTURE MAPS 


Figure 12 shows the comparison of structure mapped on the base of the Ferry 
Lake Anhydrite by sub-surface geology and by seismograph. Seismograph con- 
touring is shown in solid black lines and sub-surface contouring in dashed lines. 
Fifty-foot contours have been used for both sets of data. Note that the structural 
axis as determined by both seismograph and sub-surface geology is identical. 
Note also that seismograph data show many minor folds and configurations of 
structure which are not possible to map by sub-surface geology based on only 
17 wells. The seismograph shows the dip on the northeast flank to be about 
twice as steep as actually exists, but lack of well control prevents any direct 
comparison on the southwest flank. 

Figure 13 shows the comparison of structure mapped on the top of the Bod- 
caw sand by sub-surface geological methods and on a reflecting horizon presumed 
to be about 200 feet below the Bodcaw sand at about the level of the ‘‘F” or 
Davis sand. A contour interval of 50 feet was used for both methods. Note that 
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Fic. 12. Comparison of seismograph and sub-surface structure, Benton Unit, Benton 
Field, Bossier Parish, La. 
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Fic. 13. Comparison of seismograph and sub-surface structure, Benton Unit, 
Benton Field, Bossier Parish, La. 
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- the seismograph very accurately located the crest of the structure to be in 
Section 7 and the discovery well located in the Southwest quarter of the North- 
east quarter of that section has proved to be the highest well in the field. 

Although the contours based on seismic data seem to be more closely spaced, 
this appearance is partially caused by the fact that the well data did not happen 
to coincide with the 50-foot contour interval, so that the actual differences in 
structural elevation could be shown by the contour interval used. Seismic data 
show many minor folds which did not appear on sub-surface control based on 
only 17 wells. Here again, they show almost twice the amount of dip which is 
actually present on the northeast flank but very correctly show the measured 
amount of dip on the southwest flank. 

As evidence of the effectiveness of a combination of the use of seismic and 
sub-surface data, it is worthy of mention that the operating agreement which 
became effective January 1, 1946, when only 5 wells had been drilled, covered 
an area comprising 8,913 acres. Two years later, during which 12 more wells 
were drilled, the final unit area was established to be 9,548.92 acres, an increase 
of only 635.92 acres. 


HISTORY OF DEVELOPMENT 


In order to demonstrate the practical value of knowing in advance the ap- 
proximate outlines of a newly discovered field, the history of development of 
Benton is presented in chronological order, and its step-by-step development is 
just as interesting as its geologic history. Barnsdall Oil Company and Sohio 
Petroleum Company completed their No. 1 Hanks well, now designated as Unit 
Well No. 1, located in Section 7, Township 20 North, Range 12 West, on October 
20, 1944, in the “D” sand member of the.Cotton Valley formation of Upper 
Jurassic age, through perforations at 8,001 to 8,o40 feet. The well flowed at the 
rate of 170 barrels of 61.7 degree A.P.I. condensate per day, through one-quarter 
inch choke. The Bodcaw sand was proven to be productive by a drill-stem test 
taken at 8,114 to 8,150 feet when the well flowed at the rate of 108 barrels per 
day of 58.4 degree through one-quarter inch choke. The total depth of the well 
was 8,762 feet. 

On January 1, 1946, the three principal operators in the field—namely, 
Barnsdall Oil Company, Sohio Petroleum Company and G. H. Vaughn—put 
into effect a unit operation agreement covering their respective leasehold interests 
and naming Barnsdall Oil Company as operator. At the time this agreement 
became effective, the field development consisted of only three producing wells, 
Nos. 1, 3 and 6; one semi-commercial well, No. 5; and one dry hole, No. 2. The 
choice of the leaseholds to be included, which determined the percentage owner- 
ship of the three companies in the unit operation, was very largely governed by the 
seismic data which had proved already to be very accurate. The area included in 
this agreement comprised 8,913 acres. The three operators also agreed at this time 
to drill eight additional wells at locations selected very largely by seismic data. 
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Shortly after the operating agreement became effective, a hearing was held 
on March 14, 1946, before the Department of Conservation, State of Louisiana, 
at which the boundaries of the Unit were approved by the Commission and an 
order was entered providing for unitization of the leasehold and mineral and 
royalty interests and for cycling the ‘‘D” and Bodcaw sands. At this time seven 
wells had been completed, of which five were producers, one was semi-commercial, 
and three wells were then drilling. As a result of the information gained by the 
completion of two more wells since the effective date of the operators agreement, 
the boundary of the Unit was increased by approximately 1,235 acres to a total 
of 10,150 acres. In order to secure additional data for determination of equi- 
ties, the Commission’s Order stipulated and required the drilling of the four 
additional wells at the locations suggested by the operators. Although the 
choice of these locations was very largely determined by sub-surface geologi- 
cal data, by that time available, it was still greatly influenced by the seismic 
data. 

Twenty months after the original hearing, a second hearing was held before 
the Department of Conservation on November 20, 1947, at which time a total 
of 15 wells had been drilled within the unitized area, of which 12 were producers, 
one was a semi-commercial producer and two were dry holes. The unit boundaries 
were again revised to a total of 9,548.92 acres, a reduction of approximately 600 
acres from the Unit Area determined at the first hearing. The first determination 
of equities were made at this time by the firm of DeGolyer and McNaughton, 
which had been employed by the operators for this purpose and whose findings, 
based on estimates of hydrocarbons in place, were approved by the Department 
of Conservation. 

A third hearing before the Department of Conservation was held on Decem- 
ber 17, 1948, at which time a total of 17 wells had been drilled in the Unitized 
Area, of which 14 were producers, one was a semi-commercial producer and two 
were dry holes. No further drilling has been done in the Unit Area to date. The 
unit boundaries were not revised at this hearing and remain to date as comprising 
9,548.92 acres. At this hearing the Commissioner approved the revision of equi- 
ties as prepared by the firm of DeGolyer and McNaughton. They estimated 
that the total recoverable reserves for the field were 187,494,163,000 cubic feet 
of gas and 16,766,401 barrels of liquid products. Some eleven months previous 
to this time a cycling plant, built by the operators, had been put into operation 
on January 27, 1948, with a capacity of 50,000,000 cubic feet of gas per day. 
Prior to commencement of plant operations the field had produced a total of 
3,675,565,000 cubic feet of gas and 17,445 barrels of oil. In the first two years 
of plant operation during the period from February 1, 1948, to February 1, 1950, 
the field produced 39,343,661,000 cubic feet of gas, of which a total of 
34,420,257,000 cubic feet was returned to the two producing sands. From the 
gas produced, the plant recovered a total of 3,231,342 barrels of liquid products 
or approximately 82 barrels per million cubic feet of gas. 
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SUMMARY AND CONCLUSION 


The two producing horizons in the Benton Field are the ““D” sand and the 
Bodcaw sand. Both are members of the upper portion of the Cotton Valley 
formation of Jurassic age. The ‘‘D” sand occurs about 450 feet below the top of 
the Cotton Valley and varies in thickness from 36 feet in the northwest central 
portion of the field to only one foot in Unit Well No. 11 in the extreme northwest 
corner of the field. The Bodcaw sand occurs approximately 110 feet below the 
“ID” sand and varies in thickness from 25 feet in the northwest central portion 
of the structure to zero feet in the same Unit Well No. 11. Both the ““D” and 
Bodcaw sands have developed their greatest thickness on the crest of the struc- 
ture, which is the condition to be expected since the fold was steadily rising during 
the time of deposition of these sands. Both sands produce gas-condensate and, 
in addition, the Bodcaw has an eighteen foot oil column lying below the gas cap. 

The development of the Benton Field is outstanding in the oil and gas 
industry with regard to efficiency of operations, minimum development costs and 
utilization of the latest and most modern methods of engineering technique both 
in well equipment, flow lines, design of cycling plant and in production problems. 
These were all made possible by consolidation of leasehold interests very early 
in the development of the field to the effect that all operations were designed to 
complete the development with regard only to the field as a whole. Such con- 
solidation, at a time when only five wells had been drilled, was made possible 


only because seismic data had already demonstrated its extremely close definition 
of the structure. This permitted the delineation of the estimated producing limits 
of the field to be agreed upon readily and leasehold equities tentatively estab- 
lished upon a basis allowing further development for the benefit of all. The 
unusually complete and detailed determination of final equity percentages was 
made possible only because of extremely careful coring of the producing sands 
and subsequent core analysis and production tests. 
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THE SECOND DERIVATIVE METHOD OF GRAVITY 
INTERPRETATION* 


THOMAS A. ELKINS{ 


ABSTRACT 


The second derivative method of interpreting gravity data, although its use is justifiable only on 
data of high accuracy, offers a simple routine method of locating some types of geologic anomalies of 
importance in oil and mineral reconnaissance. The theoretical formula by which it is possible to com- 
pute the second (vertical) derivative of any harmonic function from its values in a horizontal plane is 
derived for both the two-dimensional and the three-dimensional cases. The graphical method of com- 
puting the second derivative is discussed, especially as to the sources of error. A numerical coefficient 
equivalent of the graphical method is also presented. 

Formulas and graphs for the second derivative of the gravity effect of such geometrically simple 
shapes as the sphere, the infinite horizontal cylinder, the semi-infinite horizontal plane, and the 
vertical fault, are presented with discussions of their value in the interpretation of practical data. 
Finally, the gravity and second derivative maps of portions of some important oil provinces are pre- 
sented and compared to show the higher resolving power of the second derivative. 


IMPORTANCE OF SECOND DERIVATIVE 


The second derivative we shall discuss in this paper is the second vertical 
derivative of gravity; more exactly, of the vertical component of gravity, which 
is the quantity measured by gravimeters and pendulums. If we use the symbol 
g to denote gravity and choose axes so that z is vertically downward, then the 
second derivative is the quantity 0%g/dz’. 

The importance of the second derivative for gravity interpretation arises 
from the fact that the double differentiation with respect to depth tends to 
emphasize the smaller, shallower geologic anomalies at the expense of larger, 
regional features. The second derivative picture is therefore often a clearer and 
better resolved picture of the type of anomalies which are important in oil or 
mineral exploration than is the original gravity picture. 

It was for this reason that studies of the application of the second derivative 
to gravity data were started at the Gulf Research Laboratories late in 1935, when 
gravimeter data of sufficient accuracy to warrant such analysis began to become 
available. Routine calculations of the second derivative of gravity were being 
carried out in 1936. In this paper, no attempt is made to present a comprehensive 
account of this work. The purpose is merely to present a few useful fundamental 
points with practical illustrations from some important oil provinces. 


BASIC THEORY, THREE-DIMENSIONAL CASE 


Although the basic theory of the second derivative has already been published 
(Peters, 1949), it arose there merely as a by-product of the theory of continuation 
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downward. It thus seems worth-while to present the basic second derivative 
theory on an independent basis, for the use of those who may not wish to famil- 
iarize themselves with a more general theory. 

Although we shall apply it only to gravity, the theory we present is applicable 
to any harmonic function, H(x, y, z), that is, any function with continuous second 
derivatives which satisfies Laplace’s equation 








+ + =o, (1) 


in the neighborhood of the point (0, o, o) at which we desire the value of the 
second vertical derivative, [6?H/dz?],..y-2-0, for which we have data avail- 
able in the horizontal plane, z=o. 
Let us define a function H(r, z) by the equation 
I 2Qr 


H(r, ) = — H(r cos 6, r sin 0, z)d0. (2) 


27 0 


We shall denote the value of H(r, z) for z=o0 by H(r). That is 


2x 
H(r) = bt H(r cos 6, r sin 8, o)dé. (3) 
27 0 

H(r) is the average value of H(x, y, z) around a circle of radius r in the plane 
z=o with the origin as center. Since H(x, y, z) is a harmonic function in the 
neighborhood of the origin, it may there be expanded in a convergent power 
series in the variables x, y, z. Consequently H(r) may be expanded in a power 
series in r about r=o, 


H(r)=atar+art+::-, (4) 


where all the odd powers of r are missing, since in the integration of equation (3), 
terms of the form sin”6 cos" 6, where m+n is odd, integrate to zero, because the 
period of sin 6 and cos @ is 27. 

It is by making use of H(r) that we shall compute the second vertical deriva- 
tive of H(x, y, z). From (1) we have 


?H re Ff 
= — he 
Ox? oy" 








dz” 
If we make the substitution: x=, cos 0, y=r sin 8, we have 


0’?H (<+- ane <)a (s) 
02? ff Or? r or Pr OF 5 





Let us integrate both sides of equation (5) with respect to @ between the limits 
of o and 27. Then, for r>o, 
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2r 7H 02 I ra 2r I as oH 
J w= -(—+-—){ nao - ~ [ dé 
0 O27 or? r Or] Jo rJo 06 


The last term integrates to 








I ai 
r 00 0 


and vanishes since 0H/00 is a series in which 6 appears only in terms like sin” 0 
cos” 6 where m and » are integers (only one of which may be zero). Therefore, 


f ye (= ahi cie <) if Hr cos0, sin, s)d0. (6) 
= Ss 7 COS Tr sin vA 
0 027 or? r or 





If we let z=o in equation (6), we have 





I as (= (r cos 0, r sin @, =] as 
oT 02? 2=0 
1 /@ I 
---(— + — =) f" H(r cos 0, r sin 8, o)d0 
or’ r Or 
( 0? a ef <) Hr). () 
= — | — r 
or’ r or , 


If now we let r approach o in equation (7) and make use of equation (4), we have 


: ¢™ [= (r cos 6, r sin 8, 4 as [= (x, 4, =] 
27 J 0 02? r=2=0 02” z=y=2=0 


‘9h + Gate 
=/{| —{—+— — r = — 4dr. 
or? or Or -_ ” 
We therefore have the basic formula: 


02? 





i = — 4h. (8) 


This formula leads immediately to the graphical method of finding the second 
derivative. For, if we pick some point P in the plane z=0o as a center and plot 
the average value of H in this plane around a circle of radius r as ordinate against 
r? as abscissa, the slope of this curve is the derivative of H with respect to 7”. 
From equation (4) we see that the value of the slope at the origin is a2; thus the 
value of 0?H/dz? at P is found by multiplying the slope at the origin for this curve 


by —4. 


BASIC THEORY, TWO-DIMENSIONAL CASE 


By the two-dimensional case, we mean that in which the potential function 
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does not involve one of the horizontal coordinates, say the y coordinate. Since 


in this case Laplace’s equation (1) becomes: 








eH FH 
Ox? ” 02? —_ 
we then have: 
’H oH 
02? sgn “ax 


Thus we can compute the second vertical derivative as the negative of the second 


horizontal derivative along a profile for which y has a constant value. 


However, it seems advantageous to have a uniform procedure which is the 
same for both the two and three-dimensional cases since, with practical data, 
rigorously two-dimensional features cannot occur because all geologic features 
_ are necessarily of finite length. We shall therefore apply the three-dimensional: 
procedure to the two-dimensional case and prove that it yields the correct result. 
That is, instead of using data only along the single two-dimensional profile, we 
imagine the horizontal plane filled up with the profile values as the whole profile 


moves in the direction of the y axis but always remaining parallel to itself. 


Since in the two-dimensional case H(x, y, z) is assumed to be a harmonic 
function of the variables x and z, but independent of y, in the neighborhood of 
the origin, there exists an expansion valid for small enough values of x of the form 


H(x, y, ©) = bo + bix + box? ++ ---, 


where no terms in y occur, since this is the two-dimensional case. Further, 


I | o’'H | I | 0’ | 
by = — — = "ey een ne ’ 
2 Ox? z=y=z=0 2 02" r=y=z=0 





by equation (g). After we make the substitution x=r cos 0, y=r sin 6, equation 


(10) becomes 
H(x, y, 0) = bo + bir cos 8 + ber? cos? 6+ --- 


and the integral of equation (3) is: 


a bor? 
ee Ns +s 


We now have the radial expansion H(r) and according to the basic equation (8) 
of the three-dimensional theory, the second derivative at the origin is found by 
taking the negative of four times the coefficient of the r? term in H(r). But this 
quantity = —4(b,/2)=—2b,, which by equation (11) = [0?H/02"].-y-2-0, 
which is.the correct value. Thus carrying out the three-dimensional process 
mechanically on the two dimensional data leads to the correct answer. Conse- 


(9) 


(10) 


(11) 
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quently the use of the three-dimensional method on the extended two-dimensional 
data is valid. 
AVERAGE RADIAL GRAVITY 


Since the graphical method of computing the second derivative of gravity 
is based on the average radial gravity as given in equation (4), we shall first 
study this quantity for the fundamental types of two and three-dimensional 
mass anomalies, the infinite horizontal cylinder and the sphere, respectively. 


Average radial gravity for the infinite horizontal cylinder 


Let d be the depth to the axis of the cylinder and gy the maximum gravity. 














Fic. 1. Notation for study of infinite horizontal cylinder. 


If the point O around which the average radial gravity is to be found is directly 
above the axis of the cylinder, then, using the notation of Figure 1, the average 
radial gravity, g(r) is given by 

1 7" d’gudd I 2x sd’ gydd gu 


= 0 @+E andy @ + 7 cost0 Vi + G/d? 











The curve in Figure 2 for b=o is plotted from this equation. 
If the point O is off center, suppose the projection of the axis passes through 
the point (0, o). Then 











g(r) = — 


27 


” d’gud0 guv/t + Ry 
J d? + b — 2br cos 0 + 7?’ cos? 0 V(r + + m?)? — ame 
where k=r/d, m=6/d, and 4, is the positive root of the equation in yp, 
Ryu — (2 — mM? —1)u—1 =0. 
The curves in Figure 2 for b=0.4d and b=d were plotted from this equation. 


Average radial gravity for the sphere 


Let d be the depth to the center of the sphere and gy the maximum gravity. 
If the point O is directly over the center, P, of the sphere, then 


g(r) = @gu/(r? + a)3”. 
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Fic. 2. Profiles of average radial gravity, g(r), for infinite horizontal cylinder. Averages are 
around circles (in the horizontal plane) of radius r centered on point O; gu is the maximum grav- 
ity. 
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Fic. 3. Profiles of average radial gravity, g(r), for sphere. Averages are around circles (in the horizonta| 
plane) of radius r centered on point O; gu is the maximum gravity. 
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The curve in Figure 3 for b=o is plotted from this formula. 
If the point O is off center, choose axes in as Figure 4 so that the projection 
of P is (0, 6). Then, 
: « d®gud0 


alr) = am J [@ + 7 cos? + (r sin @ — b)*}*” 


2d° E(4/ aos ) 
om a + (r +b)? 


ale + — dle + + PP 


where E(k) denotes the complete elliptic integral of the second kind with modulus 
k. The curves in Figure 3 for b=0.4d and b=d are plotted from this equation. 
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Fic. 4. Notation for study of sphere. 


SOURCES OF ERROR IN THE GRAPHICAL METHOD 


Using these average value curves we shall now discuss two sources of error 
in the graphical method of computing the second derivative. The first source 
of error is the use in practice of a grid array of gravity values to find the average 
value curve, usually in combination with a chart containing holes punched to 
match the grid. This process yields only a few isolated points on the curve we 
are seeking with an accuracy which may be low because of the small number of 
points read with the chart on the ring for each radius used. The error here may 
be reduced by increasing the number of rings and the number of points read in 
each ring. To show graphically the inaccuracies that may be introduced by a 
grid, portions of Figure 2 have been replotted in Figure 5, which also shows the 
average values found, using a grid, for a cylinder with maximum gravity 1.5 
milligals and depth to axis of 15,000 feet. The averages each used four points, 
arranged symmetrically. Two averages were computed, one using gravity values 
correct to o.1 milligal, the other correct to o.o1 milligal. On the same figure is a 
similar plot, based on Figure 3, for a sphere with maximum gravity 1.5 milligals 
and depth to center of 15,000 feet. It will be noted that the averages using gravity 
data correct to o.o1 milligal (maximum possible error about 0.3 per cent of the 
maximum value) are close to the correct values, while those using gravity data 
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correct to o.1 milligal (maximum possible error about three per cent of the 


maximum value) often are not. 

The second source of error, the non-linearity of the average value curve, 
is more troublesome. If the portion of the average radial curve (against r”) near 
the origin were very nearly a portion of a straight line, it would be easy to draw 
the correct tangent. However, even with perfectly accurate data and a perfect 


FOR CYLINDER FOR SPHERE 
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Fic. 5. Average radial gravity values found by use of grid, plotted on profiles from 
Figures 2 and 3 for comparison. 


grid, this part of the radial plot may be definitely curved (as, for example, the 
curve for )=d in Figure 3). That is, even the theoretical curve is linear only very 
near the origin. Unfortunately, economic reasons as well as the ‘‘noise level”’ 
of gravimeter measurements set a lower limit for station spacing so that it is 
impossible to define the curve at even approximately infinitesimal distances 
from the origin. Thus it is evident that this is a source of error which is funda- 
mental. 

A study of this type of error was made on the same sphere used above in 
studying the effect of the grid. The point directly above the center of the sphere 
was the point around which the averages were made. To minimize the non- 
linearity effect as much as possible only the first ring was used. According to 
equation (8), an ordinate equal to four times the difference between the gravity 
at the origin and the first ring average would approximate the value of the 
second derivative in some unit, just what unit is here immaterial. This unit would 
vary inversely as the square of the ring radius but all such ordinates for the same 
radius are comparable, which is sufficient for our present purpose. The following 
table lists these ordinates. The radial distances are centimeters on a scale I 
inch = 4,000 varas; the depth to the center of the sphere on this scale is 3.429 cms. 
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Ordinate in tenth-milligals 
Radius of - i i 
sg Correct Value to give Vales found saing gan 
theoretical ere — with g correct with g correct 
value of 0°g/ds to o.1 milligal to 0.01 milligal 
0.5 1.86 1.QI ° 2.0 
I 6.91 7.65 8 6.8 
/2 12.60 15.31 12 12.4 
2 21.533 30.62 20 45.3 

















The non-linearity effect is evident from a comparison of the second and third 
columns. The superiority of the grid calculations to 0.01 milligal is again clear. 


THE NUMERICAL COEFFICIENT EQUIVALENT OF THE GRAPHICAL METHOD 


The basic idea of the numerical coefficient method of computing the second 
derivative has already been published (Peters, 1949). We shall here demonstrate 
the versatility inherent in the method. We call it the equivalent of the graphical 
method, since an analytical formulation can be made of any geometric process 
which may be used in drawing the tangent or other best-fitting line. The co- 
efficient equivalent then has the advantages connected with simple routine 
calculations and with the avoidance of personal bias. 

A coefficient process for finding the value of a2 in equation (4) and therefore 
of the second derivative by equation (8), can be developed by choosing 7 small 
enough so that H(r) is represented to sufficient accuracy by terms of equation 
(4). We then have m unknown coefficients do, a2, etc. By using m or more values 
of r and the corresponding values of H(r), we get a set of simultaneous equations 
from which to find the value of a2, using least squares or other adjustment proc- 
esses when there are more equations than unknowns. 

It has been found most convenient when a grid of values at a regular spacing 
s is available to use a chart which has holes for a center reading H(o), four 
readings each at spacings s and s+/2 and eight readings at spacing s/s. We then 
use the sum of the four readings at s and s\/2 as an approximation to 4H(s) 
= H'(s) and 4H(s/2)=H'(sv/2) respectively and the sum of the eight readings 
at s4/5 as an approximation to 8H(s./5)=H'(s/s). If the map scale of the 
grid of values is 1:k while the grid spacing is y centimeters (actual measurement 
on the grid), then s=hr. 

We shall now drop all but the first two terms of equation (4) and compute 
three coefficient sets based on different methods of drawing the tangent line for 
the average radial curve in the graphical method. 

First we attempt to find the “best”’ straight line through the origin which 
passes through the three points s?, 25”, 55?; ao is then fixed and equals H(o), so 
that the condition equations are: 
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as? = H(s) ad H(o), 
2as? = H(s\/2) — H(o), 
sas? = H(sx/s) — H(0). 
By the method of least squares we find 
og . Ba, / ! ae ! a 
— = — 4® = [64H(0) — 2H’(s) — 4H'(s\/2) — 5H"(sv/s)]. (13) 
02” 60k??? 


Next we shall drop the favoritism shown the origin and put it on a level with 
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Fic. 6. Tests of second derivative sets on computed gravity data 
for geometrically simple anomalies. 


the other points. That is, we shall determine the ‘‘best” straight line through the 
origin and the three computed points at distances s?, 2s", 5s. Using the method 


of least squares we find 


0’ I = - - en 
ee [16H(0) + 2H’(s) — 3H'(sv/s)]. (14) 





Since in finding the slope graphically we frequently disregard the point at 
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distance 5s’, the computation above was repeated giving the last point only 
one-half the weight of the other points. The result is 


0’g I 


: = [44H(O) + 4H’(s) — 3H"(sv/2).— 6H'(sy/5)]. (15) 
2 62k?r? 





From the foregoing it is evident that any number of coefficient sets may be 
developed. Their relative merits can be determined only by testing them. There 
should be two kinds of tests. The first should be a test on mathematically accurate 
data for simple anomalies for which a check against the theoretically correct 
second derivative values is possible. From this can be found whether or not the 
approximations involved in the derivation of the formula and the use of a grid 
cause too great inaccuracy. The second should be a test on actual gravity data 
to find if the errors in practical data cause too much disturbance. 

Tests of both types were applied to the three sets of coefficients here de- 
veloped. In Figure 6 are shown the results, for two of the sets, of the theoretical 
tests which were made on a sphere and an infinite horizontal cylinder, both with 
maximum gravity of 1.5 milligals and depth to center of 15,000 feet. The gravity 
data used was accurate to 0.01 milligal. From these tests on theoretical anomalies 
it was concluded that the three sets were equally good. The tests on practical 
data were judged against values in the same area found by the graphical method. 
The sets of equations (14) and {15) gave practically the same contours and were 
very close to the results by the graphical method, while the results of the set 
of equation (13) were not quite as good. 


THE SPHERE 


We shall now present equations and graphs for the second derivative effect 
of several simple types of anomalies. The purpose is to aid in the interpretation 
of practical second derivative maps. The first anomaly we shall consider is the 
sphere. 
By differentiation of the equation for the potential, we easily find the fol- 
lowing equation for the second derivative effect at the origin O:(0, 0, o) fora 
sphere of mass m and center P:(x, y, 2). 

0’g , 
Pt 3yme(22? — 32° — 3y°)/(x? + 9? + 27)", (16) 
Here y is the gravitational constant. The extreme values, i.e., maxima and 
minima, of the second derivative occur for p=o and p= +(2v/3/3)z, where p 
is the radial coordinate along the surface so that p?= x?+ y*. The second derivative 
at p=o is the maximum in absolute value and equals 6ym/z*. The other two 
extremes have the value —6ym/[7/3]"/z!. Figure 7 shows the second derivative 
for the sphere as plotted from equation (16). 
From equation (16), d?g/dz2=o when z=(+/6/2)p. We therefore have that 


2 = (/6/2)po = 1.2250, (17) 
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where pp is the surface distance from the projection of the center, or point of 
maximum second derivative, to the zero second derivative contour. Let Gy 
represent the maximum value of the second derivative, which occurs directly 
over the center of the sphere. Then from equation (16), the radius R of the sphere 
for density contrast o, is 


R = W#Gy/8rcy. (18) 


Equations (17) and (18) solve the problem of determining a sphere from its 
second derivative contours when the density contrast is known. 
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Fic. 7. Second derivative for the sphere and the infinite horizontal cylinder. Gy is the 
maximum second derivative value, z the depth to the center. 


THE INFINITE HORIZONTAL CYLINDER 


By integration of equation (16) we find the following equation for the second 
derivative effect at O:(0, 0, o) for an infinite horizontal cylinder of mass m per 
unit length with axis passing through the point P:(x, y, z) and parallel to the 
y-axis. 

0°g 


— = ayms(z? — 322)/(a* + 2%)*. (r9) 
Oz 
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The extreme values occur for x=o and x= +2, and are 4ym/z' and — ym/2', 
respectively. Figure 7 shows the second derivative for the infinite horizontal cylin- 
der as plotted from equation (19). 

From equation (19), 0°g/dz2=o0 when z=+/3x. We therefore have that 


Z = /3 X = 1.73240, (20) 


where xo is the surface distance perpendicular to the axis of the cylinder from the 
projection of the axis, or point of maximum second derivative, to the zero second 
derivative contour. Let Gy represent the maximum value of the second deriva- 
tive, which occurs directly over the axis of the cylinder. Then from equation (19), 
the radius R of the cylinder for density contrast ¢, is 


R= V/V #Gu/4rye. (21) 


Equations (20) and (21) solve the problem of determining an infinite horizontal 
cylinder from its second derivative contours when the density contrast is known. 


THE SEMI-INFINITE HORIZONTAL PLANE 


This is a two-dimensional structure, independent of the y-coordinate. The 
typical cross section in Figure 8 is for the plane y=o. Let the mass per unit area 
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Fic. 8. Notation for study of semi-infinite horizontal plane. 


of the plane be m. By integrating equation (19), we find that the second deriva- 
tive at O is 


02/d22 = 4ymdx,/(x2 + d@*)?. (22) 


Figure 9 shows the second derivative plotted from this formula for the case in 
which d equals one mile and the mass per unit area, m, is that corresponding to 
a thickness of one-half mile and volume density of 1 gram per cubic centimeter. 

The extreme values, from equation (22), are for =+d/+/3 and are 
+3/3ym/(4d?), respectively. Thus 


d = »/3 Xp = 1.732%, (23) 


where xo is the distance to a maximum or minimum from the zero contour. 
The problem of determining the elements of a semi-infinite horizontal plane from 
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its second derivative contours is thus easily solved, first by using equation (23) 
to find d and then by applying equation (22) to a pair of values of d°g/dz? and 
a to find m. 

“Condensed” mass distributions of zero thickness do not occur geologically 
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Fic. 9. Second derivative for.a vertical fault and a semi-infinite horizontal plane through the center 
of the fault and of the same mass per unit area. 


but the above formulas are useful for ‘“‘thin” vertical faults. This point is dis- 
cussed in more detail in the next section. 







THE VERTICAL FAULT 







This is a two-dimensional structure, independent of the y-coordinate. The 
typical cross section in Figure ro is for the plane y=o. Let the density contrast 
be o. By integrating equation (22), we find that the second derivative at O is: 


0°g/d2? = 2yox,[1/ry2 — 1/12°]- (24) 







Figure 9 shows the second derivative plotted from this formula for the case in 
which d is 1 mile, / is } mile and og is 1 gram per cubic centimeter. 

An obvious way to approximate a vertical fault of throw ¢ and density con- 
trast o is to condense it on a semi-infinite horizontal plane passing through 
the center of the fault, with mass per unit area equal to of. Figure 9 shows 
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plotted together the second derivative in a particular case both for a vertical 
fault and for this condensation. Comparison of the two curves indicates that the 
plane approximation is so close that it is difficult to show the differences graph- 
ically except at the peaks. In fact, an analytical study, which because of its 
length is given in the Appendix, shows that the maximum error in this approxi- 
mation when the fault thickness is less than or equal to half the depth to center 
is less than 12 per cent of the true value; when the thickness is less than or equal 
to one-tenth the depth, this maximum error is less than one-half per cent. The 
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Fic. 10. Notation for study of vertical fault. 


plane approximation is thus sufficiently close for practical use when the fault 
thickness is less than or equal to one-half the central depth. 

Since we can manufacture a two-dimensional rectangular block by taking 
the difference between two vertical faults appropriately placed, we can easily 
find the second derivative picture for such a block. Similarly we can find the 
second derivative for any two -dimensional structure bounded by any number 
of horizontal and vertical surfaces. This can be done graphically or the required 
formula can be written down almost immediately from equation (24). 

As an example, the second derivative for a set of rectangular blocks of the 
same thickness and depth to center but with different lengths has been found 
graphically and is shown in Figure 11. A study of these curves indicates that for 
the longer blocks the position of the ends is approximately given by the reversals 
in sign. Again, the ratio of the minimum value to the maximum value increases 
with the length over the range of lengths considered. Thus the elements of the 
longer blocks can be determined, at least approximately, when the density con- 
trast is known and the thickness is less than half the depth, by comparison with 
the curves of Figure 11. 


ACCURACY OF SECOND DERIVATIVE INTERPRETATION 


Since second derivative values found either graphically or by coefficients are 
necessarily approximate, the question arises as to the accuracy of structural 
interpretations deduced by the methods suggested in the preceding sections. A 
structure parameter based on a peak magnitude may not be reliable, for ex- 
ample, when a coefficient set is used which cuts down peak values, as the sets 
tested in Figure 6. However, this figure indicates that the position of reversals 
in sign is preserved fairly well and the same greater relative accuracy might be 
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expected in the graphical method for zero or near zero slopes, since the relative 
change in the tangent due to a small error Aé will be least for a zero slope (because 
[tan (@9+A0)—tan 09]/A@=sec? %, to a close approximation; compare in this 
connection the average value curves in Figures 2 and 3). Since the depth for 
certain of the structures considered above can be determined from the reversal 
position, this is a matter of practical importance. 

As a test of this the depths for the sphere and cylinder previously described, 
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Fic. 11. Second derivative for rectangular blocks. 


with maximum gravity 1.5 milligals and depth to center of 15,000 feet, were 
computed from the reversal distance using second derivative values found by 
the graphical method. At the scale used, 1 inch=4,000 varas (1 vara= 33.3 
inches), the true depth z was 3.429 cm. The computed depths are given in the 
following table: 


Computed depth Error 
Sphere—g correct to 0.1 mg. 37.Gm. 9% 
Sphere—g correct to 0.01 mg. 37 Cis 9% 
Cylinder—g correct to 0.1 mg. 3-5 cm. 3% 
Cylinder—g correct to o.o1 mg. 3.6 cm. 6% 


These values show that the results are sufficiently accurate for practical purposes. 
With field data the errors will presumably be greater. 
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SECOND DERIVATIVE PICTURES FOR SOME OIL FIELDS 


We now present the second derivative pictures of some typical oil fields. These 
have been selected especially to show the greater resolution obtainable with 
the second derivative than with gravity. In all cases the second derivative 
calculations were made using equation (15). The gravity pictures are for the 
Bouguer anomaly and are based on gravimeter surveys. 

The unit for the second derivative on these maps is 10~" times the c.g.s. unit 
and has been found to result in numbers of convenient size. Moreover, it fits in 
neatly with the sequence of powers already adopted for practical prospecting 
use. For gravity the milligal (10~* c.g.s.u.) is standard as is the Eétvés unit 
(10~* c.g.s.u.) for the vertical gradient. If the second derivative unit is taken as 
10 c.g.s.u., there is then a factor of 1o~* in the progression of the derivatives. 


The Mykawa Gravity Minimum, Texas Gulf Coast 


The observed gravity picture for the Mykawa-Friendswood-Hastings-Manvel 
area, Texas, shown in Figure 12, is dominated by a large minimum, commonly 
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Fic. 12. Mykawa gravity minimum, Texas Gulf Coast. Observed 
gravity. Contour interval, 0.5 milligal. 











referred to as the Mykawa gravity minimum, which is the sum of the effects of 
the four salt domes. Its appearance is indeed deceptive; in fact, a number of 
deep dry holes were drilled in unsuccessfully testing the central minimum area. 

Even the residual gravity picture, shown in Figure 13, would be misleading 
if interpreted as a single feature; the Manvel dome is the only one which is 
clearly resolved. However, the second derivative, made with a grid of mile 
spacing and shown in Figure 14, resolves the four domes clearly and accurately. 
Further, there is no longer a deceptive central minimum. 
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The Los Angeles Basin, California (Hammer, 1950) 


Figure 15 shows the gravity for a portion of the Los Angeles basin in Cali- 
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Fic. 13. Mykawa gravity minimum, Texas Gulf Coast. Residual gravity. 
Contour interval, 0.5 milligal. 
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Fic. 14. Mykawa gravity minimum, Texas Gulf Coast. Second derivative. 
Contour interval, 5X 10~" c.g.s.u. 














fornia. The gravimeter station locations are marked by crosses. Outlined are 
the known oil fields which certainly are not obvious in the gravity picture. But 
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Fic. 15. Los Angeles basin, California. Observed gravity. Contour interval, 1 milligal. 
(By permission of Colorado School of Mines) 

















Fic. 16. Los Angeles basin, California. Second derivative. Contour interval, 20 10~% 
C.g.S.U. (By permission of Colorado School of Mines) 
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these fields are seen immediately as “highs” in the second derivative picture of 
Figure 16, made with a grid of half-mile spacing. 


The Cement Field, Oklahoma 
Figure 17 shows the gravity in the vicinity of Cement field, T5-6N, R8-10W, 
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Fic. 17. Cement field, Oklahoma. Observed gravity. 
Contour interval, 0.5 milligal. 
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Fic. 18. Cement field, Oklahoma. Second derivative. Contour 
interval, 2.5 X 107} c.g.s.u. 


Oklahoma. The strong regional completely masks the gravity picture of the 
field, which shows plainly on the second derivative picture of Figure 18, made 
with a grid of mile spacing. In fact, the zero second derivative contour matches 
quite well the outline shown for the field. 

These examples well illustrate the high resolving power of the second deriva- 
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tive method when it is used on gravity surveys of sufficiently close spacing and 


high accuracy. 
ACKNOWLEDGMENTS 


The writer wishes to acknowledge the cooperation and aid received in the 
carrying out of the work described from many past and present members of the 
Gravity Interpretation Section of the Gulf Research & Development Company. 
When this work was started, the writer was a member of this Section, which was 
under the direction of Dr. L. L. Nettleton; at present it is headed by Dr. Sigmund 
Hammer; to both the writer owes much in encouragement and assistance. The 
figures’were prepared by Robert D. Craighead and Robert J. Gille. The writer 
also wishes to thank Dr. Paul D. Foote, Executive Vice President, Gulf Research 
& Development Company, for permission to publish this paper. 


APPENDIX 
The Accuracy of the Plane Approximation to the Vertical Fault 


In this Appendix we shall study the error introduced when the second 
derivative effect due to a vertical fault of thickness ¢, density contrast o, and 
depth d to its central plane, is approximated by that due to a semi-infinite hori- 
zontal plane of depth d and mass per unit area éo. 

Let R denote the ratio of the approximate to the accurate value. From 
equations (22) and (24). 


R= E + ( d — -) | x + (« + <) [er + d*)?. (25) 


We set dR/dx=o and find the values of x; for possible maxima or minima to be 
o and +0.54/122—f=+5S. 


For x1 = 0, R= (1-— = Rj. 


2 
Forx,= +S, R= /(:-—2)=® 
16d? 


A graph will show that R2 is the maximum value. R; is the minimum value, if 
we agree to accept the value for 11=0 of equation (25) as the evaluation of an 
indeterminate form, o/o, since both the approximate and the accurate formulas 
are zero when x,=o0. Otherwise, R; is the lower bound, which does not affect 
any of the subsequent reasoning essentially. 

The values of x; for which the approximate and accurate formulas are equal 
are found by setting R=1. They are m= +V/d?—P/8=+K. When |m| <K, 
R<1; when |x| >K, R21. From these equations we see that R does not become 
greater than R, or less than Rj. 

The expressions for R; and Rz yield simple limits of error. Thus for (¢/d) $3, 
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R,>0.88 and R:<1.02. Therefore, for the case in which the fault thickness is 
less than or equal to half the depth to center, the maximum error is less than 
12 per cent. For (¢/d) S1/10, Ri>0.995, and Re<1.001. For this case the maxi- 
mum error is less than one-half per cent. 

The second derivative curves for both a vertical fault and its approximation 
in the case t/d=o.5 are plotted in Figure 9. The curves confirm the analysis 
above to the extent that it is possible to indicate such small differences graph- 
ically within the scale limitations. 
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COMBINED ANALYSIS OF GRAVITY AND 
MAGNETIC ANOMALIES* 


G. D. GARLAND 


ABSTRACT 


The relationship betwen gravity and magnetic anomalies is investigated. It is shown that the 
ratio of the anomalous susceptibility to the anomalous density of an unknown body may be deter- 
mined from gravimeter and vertical magnetometer observations, independent of assumptions as to 
the depth or form of the body. The use of this ratio in identifying the rock material of the body is dis- 
cussed, and illustrated by applying the method to a well-known case. 


INTRODUCTION 


It has been shown (Koenigsberger 1927, Brant, 1948, and Gassmann 1948) 
that the fundamentals of many of the methods of geophysical exploration, ex- 
clusive of the seismic, are similar, in that the secondary effect produced by an 
anomalous body in a natural or artificial field of force, whether it be a gravi- 
tational, magnetic, electric or thermal field, depends on a potential factor. The 
latter is determined by the form of the body, and its distance from the point of 
observation. Actually, two potential factors are involved, the gravitational or 
Newtonian potential in the case of gravitation, and the dipolar potential for 
magnetic, electric or thermal effects. However, a simple relation connects the 
two potentials for a given body. 

The fact that the interpretation of anomalies in any of the potential fields is 
fundamentally incapable of a unique solution has‘also been emphasized (Nettle- 
ton, 1940, Skeels, 1947, and 1949). For any given anomaly there is in reality a 
double infinity of possible solutions. First, the anomalous property of the un- 
known body is given only by certain limits, and secondly, for any particular 
property value, there remains an infinite number of forms and positions which 
the body could have. The purpose of the present paper is to investigate the first 
problem, that is, the determination of anomalous property values from combina- 
tions of potential field methods. 

Very briefly, the method which suggests itself is this. The anomaly produced 
by a body in a field of forces is a function of the corresponding property of the 
material of the body, and of the potential factor determined by the form of the 
body. If the anomalies produced by the same body in two different force fields 
are measured, the unknown potential factor may be eliminated, leaving a re- 
lationship between the two different properties. This relationship must hold, 
independent of the form or position of the unknown body. Just how useful this 


* Manuscript received by the Editor May 22, 1950. 
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relation may be in determining the rock type of the structure depends on the 
properties involved and the extent of knowledge of these properties for rocks 
in the region of the survey. It is suggested that in favorable cases an attempt 
may be made first to identify the material comprising the anomalous body 
before the individual force field anomalies are analyzed by the usual methods 
to give information on the form of the body. 

The methods most often carried out in conjunction with each other are the 
gravity and magnetic. A method of analysis of those anomalies which are de- 
tected by both gravimeter and magnetometer will be developed and applied to 
an example taken from the literature of geophysical exploration. 


HISTORICAL DEVELOPMENT OF THE PRINCIPLES EMPLOYED 


Poisson (1826), in his first memoir of the theory of magnetism, developed the 
expression for the potential due to a magnetic dipole. If Up is the magnetic po- 
tential at P, M the magnetic moment of the dipole, and 7 the direction of mag- 
netization, Poisson’s relation is 


an 

p= = =| (1) 
0. Lr 

where r is the distance from P to the center of the dipole. 


Consider now the potential of a volume element dv of a body uniformly 
magnetized to intensity 7. For this case 


M = Idv (2) 
and 
0 I 
Up = Ido — |=]. (3) 
01 - 


The factor 1/r is intimately related to the gravitational potential of the 
volume element at the point P. If Vp is the gravitational potential, p the density 
of the body, which is considered to be uniform, and G the constant of gravitation, 


Vp = Gpdo/r (4) 
so that 
1/r = Vp/Gpdv (5) 
substituting in equation (3) | 
Up = 1/G0— (Vp). (6) 


Equation (6) holds for each element of volume of the body, and therefore, 
because of the assumption of uniform properties, for the body as a whole. Since, 
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in practice the attracting body is surrounded by other material, the quantities 
U and V will henceforth be considered as anomalous potentials: similarly J and p 
will be the anomalous properties of the body relative to its surroundings. 

This relation was utilized by Eétvés (1907) to develop his well-known 
equations connecting. the components of magnetic force with those second 
derivatives of the gravitational potential which are measured by the torsion 
balance, namely V zz, Vyz, Vay, Va. E6tvds gave three equations, suggesting the 
possibility of so ving for the three components of magnetization of an anomalous 
body from torsion balance and magnetometer observations. Actually, only two 
of these equations are independent, so that such a solution is not possible. In 
the years since Eétvés published his results, very few applications of them to 
field observations appear to have been made. One example of such an application 
is the careful study by Haalck (1929) of the Kursk anomalies in Russia. Using the 
results of a single traverse, he compared torsion balance and magnetometer re- 
sults to obtain a relationship between the density and susceptibility of the 
anomalous body. The problem at hand is to derive a relationship between quanti- 
ties measured by the magnetometer and the gravimeter. It will be shown that 
in cases where the same structure produces both a gravity and magnetic anomaly, 
the following studies are possible, before any assumptions are made as to the form 
or position of the structure: 

1. The observed magnetic anomaly field may be compared with calculated 
fields, in order to test assumptions of uniform magnetization in various directions. 
As an example, the hypothesis of magnetization by induction in the present field 
of the Earth may be investigated. 

2. In cases where uniform magnetization and properties are indicated, an 
estimate may be made of the ratio between the anomalous density and the 
anomalous polarization of the structure. This may be useful in determining the 
type of rock which constitutes the structure. 

3. If the analysis be made on a body whose anomalous density is known, for 
example from core samples, the effective average susceptibility of the body may 
be determined. The comparison of values obtained in this way, with suscepti- 
bility measurements on samples could be useful, since the latter measurements 
often show wide variation. 


APPLICATION OF POISSON’S EQUATION TO GRAVIMETER OBSERVATIONS 


Let us set up a system of axes in which 2 is vertical, and positive downward. 
Differentiating both sides of equation (6) with respect to gz, 


dUp 0? 


= I/Gp 
/ 0201 








(Vp) (7) 


or 


F) 
Z= saith (g) = I/Gp-gi (7a) 
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where: Z is the anomaly in the vertical magnetic intensity at P, 
g; is the gradient, in the direction of magnetization of the body, of the 
anomalous gravity at P. 
Suppose the direction of magnetization to be known, and to be defined by 
azimuthal angle A, and inclination d. 
Then 


gi = g. sind + g, cosd (8) 


where: g, is the vertical gradient of the anomalous gravity at P, 
gs is the horizontal gradient, in the azimuth A, of the anomalous gravity, at P. 


Finally: 
Z = I/Gplg. sin d + g. cos d]. (9) 


The calculation of g,, the vertical gradient of gravity, from gravity measure- 
ments on the surface of the earth, has been discussed in detail by Evjen (1936), 
and Hofmann (1949). With the aid of templates and a gravity contour map a 
method of surface integration may be applied to the computation. Similarly, the 
factor g, may be readily obtained from the gravity contours, for any desired 
azimuth A, by either analytical (Kosbahn, 1949, Skeels, 1949), or graphical 
means. 

Equation (9) allows us to calculate the magnetic anomaly field, i.e., to within 
a constant factor J/p, directly from the observed gravity field, for any assumed 
direction of magnetization of the anomaly-producing structure. Comparison of 
the general form of this calculated field with the observed magnetic anomalies will 
indicate the justification of the assumptions regarding the direction of magnetiza- 
tion and the uniformity of properties. If it is found that the computed field agrees 
in form with the observed field, the factor J/p may be determined so as to give 
the best fit between the two cases. Thus, the ratio between two important physi- 
cal properties of the anomalous body has been determined, without any direct 
assumption as to the form or depth of the body having been made. Actually, the 
assumption has been implied that the form of the body is such that uniform 
magnetization is possible. Strictly speaking, this is not true if the surface of the 
body departs from a second order surface, but the error is probably not serious 
except for extremely highly magnetized structures. Many of the earlier papers 
(Koenigsberger 1926, Haalck, 1930), on magnetic calculations contain discussions 
on the magnitude of this effect, but in practically all of the many equations which 
have been developed for magnetic interpretation it is neglected. The assumption 
made is therefore not a particular limitation of the analysis given here. 


SIGNIFICANCE OF THE FACTOR J/p 


When the calculation indicated by equation (9) has been completed for a 
number of points, and the comparison with the observed magnetic contours made, 
it will be possible to determine whether or not the hypothesis of uniform mag- 
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netization is tenable. If the result is negative, it is very probable that the anoma- 
lous body possesses an irregular distribution of magnetic material, or mass, or 
both. However, when the agreement between the calculated and observed mag- 
netic anomalies is good, the investigation may be carried further. 

Suppose, for example, that the magnetic anomaly suggests magnetization by 
the earth’s field. 

In this case J=kF 

where F= total intensity of earth’s field 
k=anomalous susceptibility of the body. 

In fitting the calculated field to the observed values, the factor k/p is thus 
obtained. 

That this property ratio factor may be suggestive of the rock type of the 
structure is shown by tables of susceptibilities and densities. These properties, 


TABLE I 


APPROXIMATE RANGES OF k/p FOR VARIOUS ROCK TYPES OCCURRING IN A 
Non-MAcGneETIC Country ROcK OF DENSITY 2.7 


























Density | EX°ess Susceptibility Range of k/p 
Rock Type ssid 
gm/cm? | gm/cm? 10-* cgs units 10° cgs units 
Gabbro 3-0 0.3 52- 4,000% 170-14,000 
Peridotite $4 0.6 7,000- 15,000 12 ,000-25 ,000 
Sulphide Ore (Pyrrhotite) 4.5 1.8 30,000 17,000 
Iron Formation (Magnetite) ans 1.8 50,000—100 ,000 28 ,o00-56 ,000 





® Puzicha, K. “Die magnetischen Eigenschaften der Eruptivgesteinen.” Zeit. fiir praktische Geolo- 
gie, Bd. 38, pp. 161-176, 1930. 

> Brant, A. A. “The Present Status of Geophysics in Canada.” Trans. Can. Inst. of Mining and 
Metallurgy, Vol. XLV, pp. 45-87, 1942. 


especially the susceptibility, are rather variable, but some general limits may be 
noted. As a concrete example, Table 1 suggests the property relations of a few 
common rock types occurring in a non-magnetic country rock of average density 
2.7 gr/cm', 

These examples, using ‘‘average’’ values from published tables, are merely 
to illustrate the range which might be expected in the ratio k/p. Values of sus- 
ceptibility are so variable that any general statement is hardly possible. How- 
ever, in any given area where some knowledge of the magnetic properties of the 
rocks is available, the quantity k/p may suggest the most probable rock causing 
the anomaly. 

It is interesting also to calculate the ratio for some of the values given by 
Nettleton and Elkins (1944), as a result of their theoretical calculations from the 
mineral compositions of norms. The authors tabulate density and susceptibility 
contrasts for several intrusive relationships which yield the ratios shown in Table 
2. For an intruded rock of class I or II, these calculations indicate a decrease in 
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the ratio of k/p as the basicity of the intrusive type increases. In other words, 
the proportionate increase in susceptibility toward the basic end of the scale is 
less than the corresponding increase in density. However, measured values of 
susceptibility often indicate a greater increase for the more basic rocks, so that 
the ratio k/p increases toward the basic end of the scale. It must be emphasized 
that a universally characteristic ratio of properties for a given intrusive relation- 
ship could hardly be found. Rather, it is suggested that in a particular area under 
consideration sufficient property values would be available to allow calculation 
of the most probable range of k/p, for the different intrusive relations to be ex- 
pected. In this way, a preliminary separation of a series of coincident gravity and 
magnetic anomalies according to the most probable rock type could be made. 
It should not be construed, however, that a knowledge of the ratio k/p alone 


TABLE 2 


VALUES OF k/p (IN 107 ccs UNITS CALCULATED FROM PROPERTIES OF NORMS AS GIVEN BY 
NETTLETON AND ELKins). (SEE BIBLIOGRAPHY) 



































C.I.P.W. Classification 
Intrusive Class 
I II III IV V 
a I _— 12,5008 8, 300 5,300 4,300 
oY II 12,500? — 5 6008 2, 700% 2,300 
2s III 8,300» 5,600> — — 835° 390% 
=o IV 5,300> 2,700» — 8359 — 1,500 
ons V 4,300° 2,300 390° 1, 500% _- 








® Both anomalies positive. 

b Both anomalies negative. 

© Magnetic anomaly negative. 
4 Gravity anomaly negative. 


would permit a direct determination of the rock material, except in certain un- 
usually favorable cases. The method is most effective for areas in which some 
knowledge of the magnetic and density properties of the various rock types is 
available. If, then, gravity and magnetic anomalies are encountered, and the 
property ratio factor is determined, there is a good possibility of eliminating 
certain rock types as possible causes, and of suggesting the most probable types. 


APPLICATION OF THE METHOD TO THE BAUXITE REGION OF ARKANSAS 


In order to illustrate the method of analysis outlined above, an example of a 
prominent gravity and magnetic anomaly has been chosen from the recent litera- 
ture. The anomaly is one which was presented and discussed by Malamphy and 
Vallely (1944), in their report on geophysical investigations in the Arkansas 
bauxite region. A comparison of Figures 1 and 3, which show gravity and mag- 
netic contours taken from maps of these authors, will indicate the similarity be- 
tween the main magnetic and gravity anomalies. However, the example has been 
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Fic. 1. Gravity anomaly near Bauxite, Arkansas. Gravity anomaly contours at 2.5 milligal 


interval taken from map of Malamphy and Vallely. 
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Fic. 2. Contours of residual gravity after applying a regional correction to the area shown in 


Figure 1. Contour interval 2.5 milligals. 
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chosen to illustrate some of the difficulties which may be encountered in the 
process, and is not intended as a perfect example of an isolated gravity anomaly 
coinciding with an isolated magnetic anomaly. The chief limitations in this case 
are first a rather pronounced regional trend superimposed on both the gravity 
and magnetic anomalies, and secondly, the presence of several very local mag- 
netic highs, which distort the main anomaly field. 





RI4W|RI3W 








DL 


a 











vA 

































Fic. 3. Magnetic anomaly near Bauxite, Arkansas, as illustrated by Malamphy and Vallely. 
Contour interval 100 gammas for the fine line contours. The features at A, B, C, and D, are assumed 
to be local highs superimposed on the main anomaly. 


Figure 2 indicates the residual gravity obtained after correcting for the re- 
gional decrease to the eastward. It should be mentioned that the exact regional 
effect is somewhat difficult to estimate, since the area is located near the edge of 
Malamphy and Vallely’s map. The magnetic field to be expected due to mag- 
netization in the earth’s field was calculated from the gravity anomaly by using 
a chart to obtain the vertical gradient of gravity, and measuring the horizontal 
gradient graphically. The resultant magnetic anomaly, in terms of the factor I/p, 
is shown in Figure 4. Because of uncertainties in the exact extent of the residual 
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gravity anomaly, the outer boundary of the calculated magnetic anomaly, and 
also the area of negative anomaly to be expected on the northern side, are rather 
indefinite. The comparison between the calculated and observed magnetic anoma- 
lies is shown by profiles in Figures 5 and 6. If one removes the more local magnetic 
effects at A, B, C, and D, the fit between the calculated and observed profiles is 
fairly good. This suggests that the main magnetic anomaly could be caused by a 
body of relatively uniform susceptibility, magnetized by the earth’s field. 

To fit the calculated magnetic anomaly to the observed anomaly requires a 
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Fic. 4. Magnetic anomaly calculated from the gravity anomaly, on the assumption of magnetiza- 
tion in the direction of the earth’s field. Contour of the gradient g; in Eétvés units. Vertical magnetic 
anomaly z=(g;)(I/G,)(10~*). The formula gives the vertical magnetic anomaly in gauss, when the 
property factor k/p and the gravitational constant G are expressed in cgs units. 


value of I/p of 9,500 10~* cgs units. On the assumption of magnetization by the 
earth’s field, this is equivalent to a value of k/p of 15,000 X10~* cgs units. Refer- 
ring to the table of properties of rocks of the district given by Malamphy and 
Vallely, a “basic igneous rock” from nearby Granite Mountain is quoted as 
having a density of 3.06 and a susceptibility of 8,514 10~* cgs units. Assuming 
that such a rock is intruded into the non-magnetic Paleozoic rocks of the area, 
whose average density is 2.60, the value of k/p to be expected is about 18,000 
X10 cgs. Thus, the rock material producing the anomaly studied could well 
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be a basic rock of similar magnetic and density properties to the known basic 
rocks of the area. This is suggested by Malamphy and Vallely, so the quantita- 
tive study bears out their interpretation. 

The above example illustrates how information on the properties of an 
anomaly-producing body may be obtained by a comparison of gravity and mag- 
netic anomalies. 
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Fic. 5. Comparison of observed and calculated magnetic profiles along an east-west section through 
the peak of the main magnetic anomaly. (1) observed profile; (2) regional increase in magnetic anom- 
aly; (3) observed profile after correction for regional and local effects; (4) calculated profile. 
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Fic. 6. Comparison of observed and calculated magnetic profiles along a north-south section 
through the peak of the main magnetic anomaly. (1) observed profile; (2) removal of local effect at B; 
(3) calculated profile. 


CONCLUSIONS 


A method of analyzing the results of combined gravity and magnetic surveys 
has been developed which provides information on the properties of anomalous 
bodies. The method is based on the equation of Poisson, and is closely allied to 
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the work of Eétvés and Haalck on the relation between torsion balance and 
magnetometer observations. However, there is no record of either of these 
workers using the property ratio factor, 7/p or k/p, as a diagnostic feature for 
unknown structures. 

Certain basic assumptions must be made before the analysis is possible. These © 
have been mentioned above, but are summarized here: 


1. The same structure or body is responsible for both the magnetic and 
gravity anomalies. 

2. The body has uniform properties and is uniformly magnetized, i.e. de- 
magnetization effects may be neglected. This assumption can be verified 
to an extent, if the general form of the calculated magnetic anomaly field 
agrees with the form of the observed anomaly. That is, any great irregulari- 
ties in properties will probably result in complete failure to match the two 
fields. In such cases, of course, the method is not applicable. 

3. The most probable direction of magnetization is indicated by the best 
agreement between the forms of the calculated and observed magnetic 
anomalies. 

4. The regional anomalies, including the effects of neighboring bodies, for 
both the gravity and magnetic cases have been adequately removed. 

5. The method employed for obtaining the horizontal and vertical gradients 
of gravity is sufficiently accurate. 


All of the assumptions place limitations on the procedure. However, it is felt 
that the ability to obtain some knowledge of the properties of the anomalous 
body, independent of deductions as to its form or depth, is a valuable result of 
the combined measurements. 

It was mentioned in the Introduction that besides the gravitational and mag- 
netic methods of geophysical exploration, electrical and thermal methods are in 
the potential field group. That is, the anomalous voltage distribution due to a 
body in a uniform electric field, and the anomalous temperature distribution 
produced by a body in a field of uniform heat flow, both depend on a potential 
factor. This factor may be calculated from the gravitational potential for given 
directions of the electric or thermal fields. Thus, if a structure produces a meas- 
urable anomaly in more than one of the four fields, a combination of the measure- 
ments may be used to find the ratios of the corresponding property contrasts, i.e., 
density, magnetic polarization, electric polarization or thermal conductivity. Of 
course, the individual values are not uniquely determined, even if all possible 
ratios are known. It would appear that, theoretically at least, the only parameter 
of an unknown body which is determinable without ambiguity from potential 
field anomalies is a ratio of property contrasts, and this only when a combination 
of methods is used. 
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DISPERSION IN SEISMIC SURFACE WAVES* 


MILTON B. DOBRINt 


ABSTRACT 


A non-mathematical summary is presented of the published theories and observations on dis- 
persion, i.e., variation of velocity with frequency, in surface waves from earthquakes and in water- 
borne waves from shallow-water explosions. Two further instances are cited in which dispersion 
theory has been used in analyzing seismic data. 

In the seismic refraction survey of Bikini Atoll, information on the first 400 feet of sediments below 
the lagoon bottom could not be obtained from ground wave first arrival times because shot-detector 
distances were too great. Dispersion in the water waves, however, gave data on speed variations in 
the bottom sediments which made possible inferences on the recent geological history of the atoll. 

Recent systematic observations on ground roll from explosions in shot holes have shown disper- 
sion in the surface waves which is similar in many ways to that observed in Rayleigh waves from dis- 
tant earthquakes. Classical wave theory attributes Rayleigh wave dispersion to the modification of 
the waves by a surface layer. In the case of earthquakes, this layer is the earth’s crust. In the case of 
waves from shot-holes, it is the low-speed weathered zone. A comparison of observed ground roll 
dispersion with theory shows qualitative agreement, but it brings out discrepancies attributable to 
the fact that neither the theory for liquids nor for conventional solids applies exactly to unconsolidated 
near-surface rocks. Additional experimental and theoretical study of this type of surface wave dis- 
persion may provide useful information on the properties of the surface zone and add to our knowl- 
edge of the mechanism by which ground roll is generated in seismic shooting. 


INTRODUCTION 


The geophysicist engaged in seismic prospecting ordinarily looks upon surface 
waves as a perverse creation designed to interfere with his reflections. He adjusts 
his equipment and field procedure to eliminate them from his records. In most 
cases he succeeds very well in suppressing them while capturing the compres- 
sional waves that he wants. Occasionally, however, the surface waves cannot be 
removed by standard methods and in such areas the seismic method often turns 
out to be unusable. When this occurs he often wishes that more fundamental 
information were available to him as to how these waves are generated and 
propagated. 

The earthquake seismologist, on the other hand, tries to make use of the 
waves on his records and often designs his equipment so as to observe them most 
fully. For well over a half a century, mathematical physicists such as Rayleigh, 
Love, Lamb, Jeffreys and Stoneley have investigated the theory of surface waves 
and have established a theoretical basis for the principal types observed on earth- 
quake records. Their work has made it possible for seismologists to obtain valu- 
able information from such waves on the nature and thickness of the earth’s 
crust. The techniques that have been developed for this purpose have more re- 
cently been adapted to study elastic wave transmission through shallow water, 


* Presented at the Annual Meeting of the Society of Exploration Geophysicists at Chicago, 
April, 1950. Manuscript received by the Editor Sept. 21, 1950. 
T Magnolia Petroleum Company, Field Research Laboratories, Dallas, Texas. 
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a subject of considerable current interest to geophysicists concerned with off- 
shore prospecting. 

The usefulness of surface waves in studying subsurface structure lies in the 
fact that they exhibit a variation of velocity with wave length when there are 
elastic or density discontinuities at depths below the surface roughly of the same 
order of magnitude as the wave length. This variation, known as dispersion, is 
observable on seismic records as a change in the period of successive wave cycles 
with time. Its nature depends on the depth of the discontinuity and the elastic 
constants of the material above and below it. Long surface waves such as those 
recorded from earthquakes exhibit dispersion because of the discontinuity in the 
earth’s superficial layers. Shorter compressional waves travelling through shallow 
water are dispersive because of the discontinuity at the water bottom. By the 
same token one might expect the weathered layer to cause dispersion in the 
Raleigh waves obtained as “‘ground roll” in seismic prospecting. This, as will be 
shown later, is also observed. 


BASIC CONCEPTS 


Although the technique of studying the subsurface using the dispersion char- 
acteristics of surface waves has been employed for more than a quarter of a cen- 
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Fic. 1. Group and phase velocities for waves from impulsive disturbance 
traveling on water surface. 


tury, its application to exploration geophysics has been somewhat limited by the 
fact that much of the important literature on the subject is scattered and not eas- 
ily accessible in this country. For this reason, there seems to be justification for 
reviewing the fundamental theory of dispersion, for summarizing the published 
material in this field, and for pointing out several applications which have not 
been previously published. 

To illustrate some of the fundamental concepts involved, let us consider a 
very simple example of dispersive wave propagation, the spreading out of a grav- 
ity water wave from a concentrated impulsive disturbance of the water surface. 
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The initial displacement here is considered to be instantaneous and to contain 
Fourier components at all frequencies. In this case the speed at which each com- 
ponent travels depends on the wave length, the longer waves traveling faster. 
Figure 1 shows a cross-section of the water surface shortly after the disturbance 
as well as another one at a time A/ later. The longest wave lengths are at the head 
of the train, the shortest at the end. If one follows any individual wave crest he 
sees that its wave length increases with time. The speed of such a crest, which 
depends on the wave length, is defined as its phase velocity. The observed train 
of waves results from the interference of all the component sine waves, each 
traveling at the proper phase velocity for its frequency. 

Suppose on the other hand, that we are following the energy having a given 
wave length. That would travel at a different speed which we call the group veloc- 
ity, U. The group velocity, like the phase velocity,-is a function of wave length 
and it is related to the phase velocity, C by the equation: 


U = C —  (dC)/(dd) 


where J is the wave length. On a record of disturbance versus time, at a known 
distance from the source, the group velocity of any wave crest is simply the dis- 
tance traveled divided by the time between the instant of initial disturbance and 
the arrival of the crest. The phase velocity, on the other hand, could be obtained 
from the slope of a time-distance curve for the same crest based on observations 
at a number of closely spaced positions. 

Because of space limitations, it is not possible to discuss the mathematical 
theory of dispersive wave propagation here. A mechanism for such propagation 
can be shown qualitatively, however, in Figure 2 for the case of a compressional 
wave in a water layer. The ray shown is reflected multiply at an angle greater 
than the critical angle and hence there is no loss of energy into the bottom. The 
angle of reflection, 0, is such that wave fronts corresponding to successively re- 
flected rays are all in phase, and the resultant wave travels obliquely through 
the layer with a horizontal velocity of V;/sin 6. This velocity is the phase velocity. 
It will be greater than the velocity of sound in water and less than the velocity 
in the substratum because the angle @ must always be larger than the critical 
angle. Waves reflected at angles other than those giving phase reinforcement of 
this kind cancel because of destructive interference. The angle for reinforcement 
depends on frequency. The elastic constants of the bottom also influence it 
through the phase change on reflection. Hence the phase velocity depends on 
frequency, and there is dispersive propagation through the water layer. 


DISPERSION OF SURFACE WAVES FROM EARTHQUAKES 


The earliest theoretical study of dispersive seismic waves was made by Love 
(1911). Earthquake seismologists had observed that the first high amplitude long- 
period waves to appear on their records showed horizontal ground motion, per- 
pendicular to the direction of propagation. Love demonstrated mathematically 
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that these were simply transverse waves confined to a low-speed surface layer, 
namely, the earth’s crust, just as the compressional waves shown in Figure 2 
were confined to the water layer. These waves, which have come to be known as 
Love waves, were shown to have a velocity depending on the wave length, thick- 











Fic. 2. Ray diagram illustrating normal-made sound transmission in layered medium. Dotted 
lines represent wave fronts of undamped wave traveling through upper layer, sound velocity Cj, 
overlying layer with sound velocity C; (after Press and Ewing). 
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Fic. 3. Dispersion curves for Love waves in the earth’s crust. Rigidity and density contrasts between 
surface layer and substratum are those estimated for earth’s crust and subjacent medium. 


ness of the crust, and the elastic constants of the crust and the substratum. 
Figure 3 shows theoretical curves of phase and group velocity versus frequency 
for Love waves propagated in the earth’s crust. The phase velocity for very short 
wave lengths approaches that of a transverse wave in the upper layer; for very 
long wave lengths it approaches the transverse speed in the lower layer. The group 
velocity curve, obtained by graphical differentiation of the phase velocity curve, 
exhibits a minimum at a wave length about equal to the layer thickness. 

More than 65 years ago, Lord Rayleigh (1885) had worked out the theory for 
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wave propagation along the free surface of a homogeneous solid and had shown 
that the particle motion at the surface should be retrograde and should have an 
elliptical orbit in a vertical plane extending radially from the source. The velocity 
of these waves was shown to be independent of wave length. Waves having this 
ground motion, now called Rayleigh waves, were subsequently identified in the 
later portion of the earthquake records, but they came in long trains which sug- 
gested a variation of velocity with wave length. Love (1911) showed that 
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Fic. 4. Dispersion curves for Rayleigh waves in the earth’s crust. Rigidity and density contrasts be- 
tween surface layer and substratum are those estimated for earth’s crust and subjacent medium. 


Rayleigh waves should be dispersive in the presence of a low-speed surface layer 
but did not express his results in usable form. Much later, Sezawa (1929) and 
Jeffreys (1935) worked out theoretical dispersion curves for Rayleigh waves 
through the earth’s crust. Figure 4 shows Jeffreys’ curves. The phase velocity 
approaches Rayleigh wave speed, about 0.92 the transverse speed, for the upper 
layer at very short wave lengths, and approaches this speed for the substratum at 
very long wave lengths. This would be expected if one realizes that the shorter 
waves do not penetrate to the deeper medium at all and the longer waves exist 
mainly below the surface layer. The group velocity minimum is even more pro- 
nounced than for the Love waves. 

Figure 5 reproduces traces from actual earthquake records showing Rayleigh 
and Love wave dispersion. The decrease of period with time on both traces indi- 
cates that longer periods travel faster, just as theory predicts. Dispersion curves 
plotted by Wilson (1948) for two other earthquakes are illustrated in Figure 6. 
These have the same general form as the group velocity curves previously shown 
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except that there are no data corresponding to the portion of the theoretical 
curves in the high frequency region left of the minimum group velocity. Phases 
corresponding to minimum group velocity have recently been observed and iden- 
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Fic. 5. Earthquake records showing dispersion of Rayleigh and Love waves. Traces reproduced 
from papers by Bullen and Sezawa. 








































44 : 
@) | é 
Pas Love Wave DisPeRSsION : 
42 W ACROSS PaciFIC OCEAN i 
g Sovrw Arsanric Eaaruquaxe or Ave. 28, z 
4933 AS RECEIVED AT SEVERAL CENTRAL & 
40 Cte 1C STATIONS t 
: 
K 38 
~ 
1) 
S 
8 56 " 
N 4) Raviercn Wave DisPeRsion 
g ACROSS ATLANTIC OCEAN 
© 34 faarwquaxe off Porrucas on Nov. 25,__| 
‘ 1941 Receiveo 47 FoRowAMm 































































30 40 50 70 - « &— 


PERIOD IN SECONDS 





10 





20 





60 





Fic. 6. Dispersion curves plotted from records of two earthquakes (after Wilson). 









tified for earthquake waves that have taken paths almost entirely under water. 
Gutenberg (1924) first proposed that surface wave dispersion on earthquake 
records be used to determine the thickness and elastic properties of the earth’s 
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crust. He worked this out for Love waves, obtaining crustal thickness agreeing 
well with values that had been estimated by other methods. Stoneley (1948) 
extended this anatysis to cover other assumptions, such as a two-layered crust. 
Jeffreys (1935), Sezawa (1935) and Bullen (1939), subsequently estimated the 
thickness of the crust from Rayleigh wave dispersion data and concluded that the 
crust under the Pacific is thinner and considerably different in elastic constants 
from that under Eurasia. Although this would be expected from isostatic con- 
siderations, there is very recent evidence* that the dispersion under the ocean 
may be attributable to the influence of the water layer over the oceanic part of 
the crust rather than to any crustal layering. 


DISPERSION FROM UNDERWATER EXPLOSIONS 


During World War II, Worzel and Ewing (1948) recorded seismic waves 
from depth charges in shallow water along the East Coast and in the West Indies 
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Fic. 7. Theoretical dispersion curves for waves propagated in water layer over liquid bottom 
(after Pekeris). 


and observed that the pressure wave traveling through the water showed a pro- 
nounced dependence of velocity upon period. Here the highest frequencies ar- 
rived first, later cycles being progressively longer, just the opposite of the case 
for earthquake waves. On the basis of their observations, Pekeris (1948) worked 


* This comes from a new treatment of dispersion data on Rayleigh waves that have taken sub- 
oceanic paths; it is being published by M. Ewing and F. Press in the Bulletin of the Seismological 
Society of America. 
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out a theoretical analysis of the water-wave dispersion along the lines that Love 
had followed in his treatment of the transverse waves propagated in a solid sur- 
face layer. Since the bottom consisted in every case of unconsolidated sands he 
assumed it to have the mechanical properties of a liquid. His theoretical disper- 
sion curves, which gave good agreement with Ewing and Worzel’s observations, 
are reproduced in Figure 7. The upper curves show phase velocity, the lower 
group velocity, now plotted against frequency instead of period. Each curve is 
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Fic. 8. Theoretical dispersion curves for three liquid layers having characteristics indicated 
(after Pekeris). 


for a different ratio of bottom speed to water speed. The range of ratios is 3 to 
1.05. The wave traveling at the minimum group velocity has a high amplitude 
which makes it quite conspicuous on the record and Pekeris named this the 
‘“‘Airy Wave.” For any case where the bottom can be considered liquid the aver- 
age sound velocity in the bottom down to a maximum of twice the water depth 
can be determined by plotting the observed dispersion and noting which theoreti- 
cal curve gives the closest fit. 

Pekeris also worked out a number of curves for a three-layered liquid, ob- 
taining results of the type shown in Figure 8. The curves are similar in form to 
those for the two-layered liquid, except for the one with a very thick middle layer, 
which has a much lower Airy wave frequency. 

Pekeris’ treatment has been extended by Press and Ewing (1948a) to cover 
two additional cases important in shallow water prospecting. One is where the 
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water is directly underlain by a mud layer with the speed of sound lower than 
that in water. The second case is when a solid rather than a liquid bottom under- 
lies the water layer (Press and Ewing, 1948b, 1950). The results were used as the 
basis for the theory that microseisms are transmitted landward from storms at 
sea aS water waves confined to the water layer overlying a solid crust and ex- 
hibiting the dispersion corresponding to the solid bottom case. 


DISPERSION ON SEISMIC RECORDS MADE AT BIKINI 


Let us now consider an example where dispersion theory has been applied to 
study the submarine geology of an area which has been explored by underwater 
seismic shooting. This area is Bikini Atoll, where a refraction survey was carried 
on at the time of the 1946 atomic bomb tests. Here explosion waves from depth 
charges were received along profiles in the shallow water of the lagoon. The 
ground-wave arrivals yielded some very interesting information on the deep sub- 
surface structure of the atoll and this has been published (Dobrin, ef al., 1949). 
The minimum shot-detector separations were too long, however, for standard re- 
fraction methods to give any data on seismic velocities in the first few hundred 
feet below the water bottom. Such information was valuable because of the light 
it might cast on the recent sedimentary history of the atoll. Examination of the 
water waves on the records showed definite dispersion characteristics and sug- 
gested the possibility of applying dispersion theory to the data as a means of 
investigating the subsurface geology. A complete account of the dispersion study, 
with emphasis on geological implications, has recently been published in another 
journal (Dobrin, 1950) from which permission to reproduce Figures 11 to 14 has 
been obtained. 

Figure 9 shows some sample record traces exhibiting water wave dispersion. 
Note the steady increase in period with time after the first arrival of the water 
wave. The maximum amplitude and period identify the Airy phase. Figure 10 
reproduces some records for much greater shot-detector distances where the 
water waves are spread out over a longer time. The first two traces show a steady 
increase in period up to a well defined Airy maximum. The third is for an 18 mile 
shot-detector distance where all frequencies higher than the Airy frequency have 
evidently been damped by absorption. 

Figure 11 shows shot and receiver locations. The detectors were at fixed posi- 
tions in shallow water near shore while the shots were along profiles extending 
across the lagoon over water depths varying as shown by the contours. Records 
from shots clustered within each of the blocks, bounded by dotted lines, appeared 
to have very similar dispersion patterns and the velocity-frequency points from 
all records within such an area were plotted on the same graph. A set of Pekeris’ 
theoretical curves for the two-layer liquid case was superimposed on each plot. 
Records from the areas marked “‘A’”’ showed dispersion within the range allowed 
by liquid bottom theory. Those from the areas designated by ‘‘B” were border- 
line while those from the ‘‘C” areas gave group velocities much too high to fit the 
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Fic. 9. Map of Bikini Atoll showing location of shot points and detector stations used for the 1946 seismic survey of the lagoon. 
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liquid bottom theory for any conceivably correct bottom velocity. A representa- 
tive set of dispersion plots from an area of type ‘‘A”’ is shown by Figure 12. The 
penetration of the waves into the bottom is expressed as a function of frequency 
in the upper curves. The data at lower frequencies give information to a much 
greater depth than do those at the higher frequencies. The distribution of data 
points when compared with the theoretical curves indicates that for the first 
20 feet or so the velocity of sound in the bottom is 1.05 the velocity in water, or 
5,250 feet/second, and that the speed increases with depth to about 6,500 
feet/second at 80 feet below the bottom. These velocities are not inconsistent 
with refraction speeds. The liquid nature of the bottom is thus quite well sub- 
stantiated for the ‘‘A”’ areas. 
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Fic. 10. Bikini record traces showing high frequency water wave dispersion. 


A representative plot for a borderline (“‘B”) area, is shown by Figure 13. 
Here the dispersion data indicated a bottom velocity in the first 20 feet that 
averages from two to three times the speed in water. This is much higher than 
appears reasonable from first arrival data and bottom samples. The divergence, 
however, might be attributable to observational error and no definite conclusions 
can be drawn from the dispersion results in this type of area. 

In the ‘‘C” areas, the group velocities were considerably higher than pre- 
dicted by Pekeris’ theory for a simple liquid bottom of any kind, as Figure 14, 
from such an area, indicates. The data points were compared with theoretical 
curves based on various other assumptions, such as a solid bottom, two liquid 
layers below water bottom, or low-speed bottom, but no better agreement could 
be obtained. Examination of the map shows that the “C” areas cover the deeper 
parts of the lagoon nearer the center while the ‘‘A”’ areas are in shallow water 
near the edge of the lagoon. Bottom samples show that the sediments in the deep 
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Fic. 11. Bikini record traces showing Airy waves. First two traces show high-frequency dispersion also. 
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water areas are finer than those in the shallow shelves along the lagoon edge. One 
would therefore expect a difference in elastic properties between the shallow and 
deep bottom. It is quite likely that a wave generated over one type of bottom 
and received over the other would exhibit a dispersion different from that in the 
laterally homogeneous substratum assumed in the theoretical derivations. If we 
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Fic. 12. Water-wave dispersion observed on Bikini records from shots in lagoon area of type “A.” 
Good agreement is obtained between actual dispersion and that predicted by theory. 


explain the anomalously high group velocities by a lateral change in elasticity, 
the dispersion data give us a means of estimating the depth at which the dis- 
continuity exists. The Airy waves, which are long enough to penetrate to about 
300 feet, give velocity-period relations that fit the simple liquid bottom theory 
for a velocity of 6,250 feet/second everywhere in the lagoon. This is very close 
to the velocity indicated for this depth by the refraction data. 

We thus infer from the dispersion data that there is a lateral change at least 
80 feet deep in the character of the bottom sediments which follows the edge of 
the deep basin within the lagoon but that this change is no longer observed at a 
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depth of 300 feet. If this inference is correct it would appear that there has been 
some relatively recent discontinuity in the sedimentary process by which the atoll 
has formed. It is possible that it is associated with the lowering of sea level 
which, according to Daly (1915), accompanied the Pleistocene glaciation. 
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Fic. 13. Water-wave dispersion observed on Bikini records from shots in lagoon area of type “‘B.’ 
Deviation between theoretical and observed dispersion is within limits of experimental error. 










DISPERSION IN ‘‘GROUND ROLL’’ 


Well developed dispersion has been observed in Rayleigh waves generated by 
a shot-hole explosion and recorded by a Magnolia experimental seismic crew with 
an instrumental system passing frequencies as low as 5 cps. Vertical detectors 
were spaced every 50 feet for about 3,000 feet. The Rayleigh waves, identified by 
three-component instruments, showed an increasing number of cycles and 
covered an increasing time on the record as the distance from the source in- 
creased. This in itself would indicate that these waves are propagated disper- 
sively. Figure 15 is a close-up of a single record showing Rayleigh waves. This 
exhibits a distinct decrease of period with time, just as did the Rayleigh waves 
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Fic. 14. Water-wave dispersion observed on Bikini records from shots in lagoon area of type “C.” 
Definite disagreement is obtained betweeen theory and observation. 


from an earthquake shown in Figure 5. Figure 16 shows a group velocity ver- 
sus period plot for this profile. The distance range covered is 750 to 3,200 feet. 
One sees that shot detector distance has little effect on dispersion characteristics. 
Figure 17 is a plot of the dispersion observed along a different profile in a region 
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Fic. 15. Rayleigh waves recorded at 50 foot intervals from 5 lb. charge 25 feet deep in area 
with clay surface layer about 20 feet thick. 
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of similar near-surface geology. Both profiles give a group velocity pattern 
similar, over the limited spectrum covered, to that for Rayleigh waves obtained 
from distant earthquakes. This suggests that a surface layer, presumably the 
weathered zone, modifies the Rayleigh wave from the shot hole explosion in the 
same way that the earth’s crust modifies the much longer earthquake waves. A 
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Fic. 16. Group velocity vs. period relations for Rayleigh waves in area in which record shown 
by Figure 15 was shot. 


transformation of the abscissas from periods to wavelength/layer thickness 
makes possible more direct comparison with theory and shows that the ground 
roll dispersion data agree in order of magnitude with the theoretical curves de- 
veloped by Sezawa and Jeffreys for solid layers and with those of Press and 
Ewing for a liquid layer overlying a solid. A more detailed comparison shows 
certain quantitative disagreements between the two.types of curve. This would 
be expected because of the fact that the respective theories assume the surface 
layer to be a solid with a Poisson’s ratio of 0.25 or else a liquid with no shear 
rigidity, whereas the highly unconsolidated weathered layer almost certainly de- 
parts from both simplifying assumptions. Actually, our knowledge of the me- 
chanical properties of unconsolidated materials is sparse and it is possible that 
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dispersion data of this sort might give us some new and much needed information 
on this subject. 

In prospecting one is particularly interested in progressive frequency changes 

- which bring Rayleigh waves into the frequency range at which reflections occur. 

It is quite possible that in certain areas the thickness and elastic characteristics 

of the surface layer are such that Rayleigh waves could be quite troublesome in 
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Fic. 17. Group veiocity vs. period relations for Rayleigh waves in an area where surface layer 
thickness is greater than in that represented in Figure 16. 


this respect. Further study would be needed to establish the conditions, if any, 
under which this might occur. Investigation along these lines is leading to a more 
satisfactory concept of how surface waves originate and how they might be 
eliminated by proper shooting procedures. 

Neither the dispersion data from Bikini nor that from the ground roll observa- 
tions by Magnolia have given us the textbook kind of agreement with theory, for 
in both cases the actual conditions were more complicated than those assumed 
in the theoretical treatment. In each example, however, comparison of observed 
dispersion with theory gave useful information. A further development of the 
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theory to include new and more complex cases as well as a wider use of existing 
theory should lead to additional applications. In any case, it is hoped that surface 
waves can be made a useful by-product rather than a waste product of seismic 
exploration. 
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SEISMIC REFRACTION WITH VARIABLE VELOCITY* 
JEAN M. GOGUELt 


ABSTRACT 


The results of an investigation of methods of interpreting and calculating the propagation of 
seismic waves with variable velocity in contrast to an assumed constant velocity is presented. One 
of the major purposes of this study is to establish a calculation method for use in seismic refraction 
work that can be applied to existing types of alluvia and similar geologic formations. In addition to 
presenting the necessary tables and graphs used for such computations, two examples from actual 
field experience are presented. 


At the present time, seismic refraction finds its main application in explora- 
tion of shallow structures, particularly in civil engineering. The upper part of geo- 
logical formations encountered in seismic prospecting is generally made up of 
alluvia and other soft grounds, where the velocity is not constant and increases 
with depth. The classical method consists in dividing these formations into a 
conventional series of layers of constant velocity. The thickness of two or three 
layers have to be estimated and the fact that they are purely fictitious is fre- 
quently overlooked in the interpretation. This paper is concerned with the study 
of propagation of seismic waves with variable velocity for the purpose of estab- 
lishing a method of calculation that could be applied to such alluvia. 

Only longitudinal waves, the fastest ones, will be considered. Their velocity 
V =f(y) is assumed to depend solely upon the depth y. A seismic ray subtends 
the angle z with the vertical (Figure 1). It is well known that V/sin z= M, where 
M is aconstant. Also ds?=dx?+dy’, ds/di=V =f(y), dx/ds=sin += F(y)/M. 
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For a given seismic ray, apparent path x and travel time #, back to surface 
are given by: 
um _ fv)dy 
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assuming f(jm)=M. 

The dromochrone (time-distance curve) will be obtained by plotting points 
corresponding to different values of M. Its slope corresponds to the maximum 
velocity M, which is reached by the seismic ray at its lowest point where sin go° 
equals one. Consider two rays very close from one another. The travel time to any 
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wave front normal to the two rays is the same, and the differences in apparent 
path and total travel time correspond to an arc on the lowest part of the tra- 
jectory shown in Figure 2. 

Usually, actual dromochrones plotted from recorded data are not accurate 
enough to give a relationship between velocity and depth (Ewing and Leet, 1932). 
A general formula must be assumed a priori, several instances will be given later 
on, and the parameters are determined from the experimental data. When the 
relationship depends upon two parameters only, a bi-logarithmic diagram can be 
used. A mere translation will bring the experimental points on the theoretical 
curve which is plotted only once. The values of the parameter will be deduced 
from the position of the axes as shown in Figure 21. 

More generally, this method permits a choice among different forms of rela- 
tionships. In a given survey, a single general formula shall generally be used for 
the interpretation of all the data, whether or not constant values are assigned to 
the parameters. For the purpose of choosing this formula, experimental points 
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must be checked against various theoretical curves. At the same time it is possible 
to limit the range outside whose points pertain to other branches of the dromo- 
chrone. 

Once the parameters have been thus determined, the thickness of the variable 
velocity medium is computed, and also the thickness of the underlying layers, 
each being assumed to have a constant velocity V2, V3, etc. shown as in Figure 3. 
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In Figure 4, consider a seismic wave refracted in the second layer where 
M=V/sin i= V2. Since the shot point and the emerging point are symmetrical, 
the intercept T2 is twice the difference between the travel time ¢ along the 
path OA and the time x/V2 which would have been required to travel along 
the horizontal projection A’A at the velocity V2. Knowing the value of the con- 
stant M= Va, it will be possible to obtain the thickness y of the first layer from 
the intercept T,=2(t—x/V2 through the use of tables given in the Appendix. 

If several constant speed layers can be considered, the same tables will enable 
a quick computation of their thicknesses. For example, consider the seismic ray 
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horizontally refracted in the third layer as shown in Figure 5 where M=V/sin 
t= V./sin {9== V3. 

The travel time from O to B is made up of the travel time / from O to A and 
the time z/(V2 cos i) required to travel along AB, at the velocity V2. The horizon- 
tal projection is the sum of A’A =x and the horizontal projection of A B=z tan ip. 
At the velocity V3, the corresponding travel time is x/V3+z tan i2/ V3. The inter- 
cept 73 is therefore: 


T3 = at — x/V3 + 2(1/Ve cos 12 — tan io/ Vs) | 
2[t — «/V3 + 2 cos i2/ Ve]. 


_ The table gives the values of ‘—x/V3 versus M=V; and y, thickness of the 
first layer. Therefore, z is the only unknown. A similar computation for a ray 
refracted in a fourth layer would lead to: 


T, = 2[t — x/Va + (2 cos i2)/V2 + (s cos i3)/V3| (4) 


As a first approximation, it may be assumed that velocity is proportional to 
depth: 


(3) 


V = Vor + y/h). (5) 


Using general equations, it could be shown that seismic rays are circles centered 
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on the line y= —4, but it is easier to show it directly in Figure 6. The velocity is, 
by hypothesis, proportional to the distance MH to the horizontal passing through 
the center and therefore the radius R= MH/sin 7 is a constant. 

The length of the apparent path is x=2 h cot io, and the corresponding 
travel time is 


| = (2h/Vo) log cot (to/2). (6) 
The travel time between two points corresponding to angles i and 1; is: 
t = (h/V») [log tan (i1/2) — log tan (io/2) | (7) 


The equation of the dromochrone can be obtained by eliminating i) between 
x and ¢. For this purpose, it is convenient to introduce reduced coordinates such 
that £=2/2h and r= Vot/2h. Thus 


€ = sinh tr or «= 2hsinh (Vol/2h). (8) 
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It is now obvious that the slope of the dromochrone, dx/dt= Vo cosh (Vot/2h) 
corresponds to the maximum speed reached at the lowest point of the seismic ray, 
since the radius of the circle is 


R= Vh? + («/2)? = h cosh (Vot/2h) (9) 
ao 
fl 
Bi: ts 
\ 


No 











Fic. 7. Section of waves-surfaces, for linear variation of velocity. 
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Wave fronts, or the loci of points reached at the same time by a given wave, 
must be orthogonal to the seismic ray and, therefore, they are conjugate spheres 
of the circles of the series defined by the origin and the symmetrical point with 
respect to the plane —h/ shown in Figure 7. Figure 8 shows a plot of the dromo- 
chrone on bi-logarithmic graph paper. A check against experimental points will 
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show if the assumed relationship agrees well and how closely it fits. The value of 
the parameters # and /:/Vo will be determined at the same time. 

These parameters also can be obtained without recourse to logarithmic plot- 
ing. Referring to Figure 9, a dromochrone is traced through the experimental 
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points, with the tangent to the curve at a point x, ¢. Then \=(dx/dt)/(x/t) is 
given on the diagram by A\=> TH/OH=TM/CM=OP/CP, and depends solely 
upon reduced coordinates: \=7/tanh r. Table I correlates é, 7 and X, and therefore 
enables the computation of h=x/2~ and Vo=2hr/t. It will be possible then to 
complete the plot of the theoretical curve, using Table I, in order to check it 
against experimental points. 

In order to compute the thickness y of the variable speed layer above a con- 
stant speed layer (Figure 10), it will be noted that the horizontally refracted 
seismic ray in the latter layer subtends angles with the vertical, ip at the surface, 
where sin i9=Vo/V2 and i, at the bottom of the first layer, sin 1:=Vi/V2 
=(Vo/V2)(1+y/h), and A’A =h(cos ip—cos 11) /sin io 

The travel time from O to A is 


t = (h/Vo)[log cot (io/2) — log cot (i;/2)]. (10) 
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TABLE I[ 


REDUCED COORDINATES FOR A LINEAR VARIATION OF VELOCITY 
€=sinh r \= (dé/dr)/(E/r) =r tanh r 
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T é r T E r T & r 
ro ©. 1000 1.005 Ent 1.3356 1.370 2.3 4.0219 2.165 
0.2 0.2015 I.O1I Faz I. 5004 1.441 ye 4.4570 2.250 
O23 ©. 3049 1.027 He3 1.6980 1.510 2a3 4.9368 2.340 
0.4 0.4108 1.052 1 ee 1.9045 1.581 2.4 5-4670 2.440 
0.5 0.5210 1.080 2.5 2.1291 1.657 2.5 6.0500 2.535 
0.6 0.6360 1.118 £6 2.3756 1.736 2.6 6.6950 2.630 
0.7 0.7580 1.160 ed 2.6456 1.820 2.8 8.1920 2.822 
0.8 0. 8880 1.205 1.8 2.9422 1.903 3.0 10.0170 3.015 
0.9 1.0267 oe 1g 3.2681 1.987 ad 12.2460 3.210 
1.0 E. EJS 1.313 2.0 3.6268 2.075 3-4 16.5420 3-505 
TABLE IT 
LINEAR VARIATION OF VELOCITY WITH DEPTH. COMPUTATION OF THICKNESS OF LAYERS 
y (sin 7)=log cot (i/2) —cosi 
sin 7 y sin 7 y sin z y sin 7 y 
0.00 2 0.25 1.097 0.50 0.450 0.75 0.136 
0.26 1.060 0.51 0.435 0.76 0.125 
0.27 1.020 0.52 0.420 0.77 0.119 
0.28 0.990 0.53 ©. 400 °. 78 0.110 
0.29 0.960 0.54 0.385 0.79 0.100 
0.05 2.821 0.30 0.920 0.55 0.370 0.80 0.093 
0.06 2.504 0.31 0.890 0.56 0.355 0.81 0.085 
0.07 2.352 0.32 0. 860 0.57 0.340 0.82 0.079 
0.08 20407 0.33 0.830 0.58 ©. 330 0.83 0.071 
0.09 2.102 0.34 0.800 0.59 0.315 0.84 0.064 
0.10 2.005 0.35 0.770 0.60 ©. 300 0.85 0.058 
o.II 1.970 0.36 0.750 0.61 0. 285 0. 86 0.052 
0.12 1.830 0.37 0.725 0.62 0.272 0.87 0.046 
0.13 1.740 0.38 0.695 0.63 0. 260 0. 88 0.041 
0.14 1.670 0.39 0.672 0.64 0.250 0.89 0.037 
0.15 1.600 0.40 0.650 0.65 0.238 0.90 0.032 
0.16 1.540 o.4I 0.630 0.66 0.225 0.9gI 0.027 
0.17 1.480 0.42 0.610 0.67 0.212 0.92 0.022 
0.18 1.420 0.43 0.585 0.68 0.200 0.93 0.017 
0.19 1.370 0.44 0.565 0.69 0.190 0.94 0.013 
0.20 1.330 0.45 0.540 0.70 0.180 0.95 0.010 
0.21 1.270 0.46 0.520 0.71 0.170 0.96 0.007 
0.22 1.220 0.47 0.505 0.72 0.160 0.97 0.005 
0.23 1.170 0.48 0.490 0.73 0.152 0.98 0.003 
0.24 1.130 0.49 0.470 0.74 0.143 0.99 0.001 


























The intercept 72 is twice the difference between ¢ and the travel time from A’ to 
A at the velocity V2 which is (cos ig—cos 71)h/Vo. Hence 


T2 = (2h/Vo)|(log cot (ip/2) — cos ip) — (log cot (i:/2) — cos i) |. 


(11) 
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Let ¥(sin 7) =log cot (i/2)—cos i. Values of this function are given in Table II. 
Thus 
T2 = (2h/Vo)|W(Vo/V2) — W(Vi/V2)] (12) 


which gives ¥(Vi/V2); Vi/V2 is obtained from Table II and finally y is computed 
using the equation 1+y/h=(Vi/V2)/(Vo/V2). 
A similar procedure will be followed if, below the variable velocity alluvia, 








be me me ee ee ee es 


<" 


ol 
/ 
N 








see 


— 





ee "al 
eee os 
Sa i 
= 
Ff 
a 
Za 
Fal 

Le 

' iZ 

le ' 

S 
a 


Fic. 12 














there are two or several layers characterized by different velocities as shown in 
Figure 11 where: 


sin ig = Vo/V3, sin i; = Vi/V3, sin ig = Vo/V3; 


A’'A=h (cos ip—cos 4;)/sin i9; B’B—A’A =z tan ig; and the travel time in the 
first layer is (k/Vo) [log cot(io/2) —log cot(i,/2)], and in the second layer it is 
z/V2 Cos iz. The time intercept is 


Ts = (2h/Vo)[W(Vo/V3) — ¥(Vi/Vs) + ¢ cos io/ V2] (13) 
| 


from which the thickness z is obtained. 
If four layers are present, as shown in Figure 12, 


Ts = (2h/Vo)[W(Vo/Vs) — W(Vi1/V1) + 2 cos in/Vo+ s cos is/V3]. (14) 











SEISMIC REFRACTION WITH VARIABLE VELOCITY 89 


Because it is very easy to construct seismic rays geometrically it is possible 
to begin the study of propagation in a series of layers where the velocity is a 
linear function of depth. Actually, characteristics of such layers cannot be ob- 
tained from experimental dromochrones. The reverse operation will be considered 
here, and seismic rays will be constructed and travel times will be computed for 
a set of given layers. 

A layer limited by the ordinates y,_; and y, is characterized by a velocity- 
depth relationship such as V=V,(1+¥/h,). In this layer, the seismic rays are 
circles centered in the plane y=/,. 

If the velocities vary continuously from one layer to the next one, the corre- 
sponding circles are tangent and their construction is obvious. If the velocity is 
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Fic. 13. Construction of seismic rays, for several layers with linear velocity-depth relationship. 


discontinuous, the ray is refracted according to the relation V/sin i=constant, 
then sin i,/sin 7,= NV, a constant. The construction may be performed as shown 
in Figure 13. O,_1A cuts a fixed straight line A at C. With a as center and AC as 
a radius, describe a circle which cuts at O, the straight line, locus of the centers 
in the second medium. O, is the center of the circle, path of the seismic ray, in 
the layer n, if the straight line A is such that JN, is the ratio of its distance to the 
layer interface to its distance to the straight line, locus of O,. 
Let zo be the angle of incidence at the surface, then 




















yy gg | RE hy + 
R, = fy/sin ip, sini, = al sinwiy, and sini’ = —o sin 29, 
1 1/441 
— ho + V1 - Ni (he + 1) a Nihy(he + 1) 
: sin ty! hy a V1 : . (hy + 1) sin i 
(15) 
. . Cha + 92) + 1) sin % . ., Ua + 92) a + 91) sin to 
sIn 12 = and sini’ = : 
Ni(he + yi) hy NiN2(he + yi) 


NiNehi(he + 1) (hs + ye) 
(Ii + 91) (he + ye) sin to 
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The length of the apparent path, x, is given by: 
x/2 = R,(cos ip — cos 1) + Re(cos i;’ — cos i) + R3(cos ie’ — cos is) + (16) 


where R,, are products of constants by 1/sin io. 
The travel time is given by: 


t/2 = (hh/V;) (log tan (4/2) — log tan (io/2)) 
+(he/V2)[(log tan (i2/2) — log tan (i;’/2)| - 


The construction of a series of seismic rays allows an analysis of certain pe- 





(17) 















Fic. 14. Several seismic rays, for velocities indicated by left hand diagram. 
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Fic. 15. Complete dromochrone, for the seismic rays shown on figure 14. 





culiarities of propagation. For instance, consider a layer of alluvia where the 
velocity increases steadily, followed by a transition layer where the variation of 
velocity is very rapid, and finally a layer where the variation is slow, such as bed 
rock. The dromochrone shown in Figure 15 is obtained from the construction of a 
series of seismic rays, for which travel times have been computed from Figure 14. 
The cusps in the dromochrone indicate some sort of focalization of the seismic 
rays, which results in an accumulation of energy after the first impulse. 
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Seismic rays cannot be considered as materializing propagation of energy, as 
is the case in optics, because of the occurrence of two types of waves, longitudinal 
and transverse, progressing at different velocities. In reflections and refractions, 
part of the energy may be transferred from the longitudinal to the transverse type 
and conversely, and this probably holds true in this continuous refraction consti- 
tuted by propagation at variable velocity. Nevertheless, the construction of 
seismic rays yields a first approximation of the distribution of energy, which 
could not have been obtained with the common assumption of constant speed 


layers. 
A second example of the usefulness of this method can be given. Assume that 














Fic. 16. Path of seismic rays, for velocities indicated by the left hand diagram; note the zone 
of silence that is not reached by any seismic rays. 


the velocity starts decreasing at a certain depth as shown in Figure 16. By con- 
sidering seismic rays, it can be shown that a zone of silence will result, and its 
extent can be forecast. However, in order to obtain accurate results, a second 
derivative of velocity versus depth should be taken into account, at least near 
the maxima and minima. Because of such considerations, it has been possible to 
forecast the amazing range of sound in sea at the level of a velocity minimum. 

Consider now a velocity of propagation proportional to the square root of 
the depth, V=k+/y. The seismic rays are cycloids, since for this curve sin i 
=/y/a. and V/sin i=k-/a=M. The law of propagation is the same as the law 
for the generation of the cycloid by the uniform rolling of its basis circle. From 
Figure 17 
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x = (a/2)(w — sin w), (18) 
y = (a/2)(1 — cos w), (19) 


with i=w/2 and t=w/a/k ‘ 
The length of the apparent path is x=7a, and the travel time is t= 27+/a/k 
The equation of the dromochrone is 


x = k?f?/4r (20) 
which represents a parabola. On bi-logarithmic graph paper, it will be a straight 


9 c ‘ 
\ (/, 


B 



























Fic. 17. Path of seismic ray along a cycloid. 


line of slope k/2 which may readily be computed for a check with experimental 
data. 
The wave fronts are homothetics of the curve 






x = (1/w?)(w — sinw) y = (1/w?)(1 — cos w), 


which is shown in Figure 18. 
If a layer at constant velocity V2 underlies the layer which has just been 











Fic. 18. Section of wave surface. 


studied, the value V2 will be read on the dromochrone which contains a segment 
of straight line. From this the parameter a2 of the cycloid corresponding to the 
ray which returns to the surface through the second medium is ad2=(V2/k)?. 
The point of incidence A on the interface corresponds to a value of w such that 
y=(a2/2)(1—cos w). The travel time is t=w+/a,/k, and the abscissa 
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x= (d2/2)(w—sin w). The intercept of the straight line segment of the dromo- 
chrone on the time axis is therefore: 


T2 = (V2/k?)(w + sin w). (21) 


Table III gives the relationship of (1—cos w) against (w+sin w) and thus the 
thickness y of the first layer is obtained readily for the intercept time 72. Simi- 
larly, if the dromochrone contains several segments of straight lines, aside from 


TABLE IIT 
COMPUTATION OF CYCLOIDAL SEISMIC RAys HAVING THE VELOCITY-DEPTH RELATIONSHIP 
V=kyV/y x=a/2(w—sin w) y=a/2(1—Ccos w) t=2rv/a/k 
COMPUTATION OF THICKNESS OF LAYER: 72=(V2/k?)(w-+sin w) 
































w w—sin w I—cosw | w+sinw w w—sinw | I—cosw | w+sinw 
° ° ° ° 1.6581 0.6620 1.0871 2.6542 
0.0873 0.0001 0.0038 0.1744 1.7453 0. 7605 1.1736 2.7301 
0.1745 0.0009 ©.0152 0. 3482 1.8325 0. 8665 1.2588 2.7980 
o. 2618 0.0030 0.0341 0.5206 1.9200 0.9803 I. 3420 2.8597 
©. 3490 0.0070 0.0603 0.6910 2.0072 I. 1010 1.4226 2.9135 
0.4363 0.0137 0.0937 0.8589 2.0044 1.2284 I. 5000 2.9607 
0.5236 0.0236 0.1340 1.0236 2.1817 1.3213 1.5736 3.0008 
0.6108 0.0372 0.1808 1.1844 2.2690 I. 5030 1.6428 3.0350 
0.6981 0.0553 ©. 2340 I. 3309 2.3563 1.6492 1.7071 3.0634 
0.7854 0.0783 0.2929 1.4925 2.4434 1.8006 1.7660 3.0862 
0.8727 0.1067 0.3572 1.6387 2.5307 1.9571 1.8191 3.1043 
0.9600 0.1409 0.4264 1.7791 2.6180 2.1180 1.8660 3.1180 
1.0472 0.1812 ©. 5000 1.9132 2.7053 2.2827 1.9063 3-1279 
1.1340 0.2280 0.5574 2.0400 2.7925 2.4505 1.9307 3.1345 
L. 2257 ©. 2820 0.6580 2.1614 2.8798 2.7210 1.9660 3.1387 
I. 3090 ©. 3430 0.7412 2.2750 2.9670 2.7940 1.9848 3.1400 
I. 3960 0.4110 0.8264 2.3810 30540 2.9670 1.9962 3.1411 
1.4835 0.4874 0.9129 2.4796 3.1416 3.1416 2.0000 3.1416 
1.5708 0.5708 I .0000 2.5708 





the initial parabola, it will be easy to compute the thickness of the following 
layers. The parameter of the cycloid corresponding to the ray which returns to 
the surface through the third layer is a;=(V3/k)? (ws), corresponding to the 
incident point, whose value is such that y= (a;/2)(1—cos ws) and the intércept is 


T3 = (V3/k?)(w3 + sin ws) + 22 cos io/ Ve (22) 
from which z can be found. 
Similarly, 
™)= (Vi/k?) (ws + sin wy) + 22 cos i2’/V2 + 25 cos i3/V3 (23) 


where w, is such that: 
y = (1/2)(V4/k)?(1 — cos om) . (24) 


The preceding assumption can be generalized. Consider a law V=ky", where 
o<n<1. Write V/sin i= M=ka" The general equations are now: 
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> ee 
x= -. (25) 
./ M2 — ky? es ky’ 
Md 
 — (26) 
o ky" / M? BPS k*y 2n 
or, by writing £=/a, n=y/a and r=(M/a=ka"t,— 
n"dn 
g= ’ (27) 
‘va 
dn 
i f a (28) 
(fvi- 


Let a and B be the values of these integrals taken between o and 1. The equation 
of the dromochrone is then x=2aa, t=2Ba'"/k or, by eliminating a, 
t= (2B/k)(x/2a)!- which is a parabola of degree 1—m or 1/(1—m), which on 
plotting on bi-logarithmic graph paper is a straight line with a slope 1—n. 

The change of variable sin i=n” would yield 


f= (1/n) [sins idi (29) 
0 
and 


canhiies f sin@—® idi. (30) 
0 


These integrals can be computed directly only if 1/m is an integer. If it is not, an 
approximate value would be obtained either by graphical integration or by nu- 
merical approximation. 

From the experimental dromochrone one can find first, the value of m, and 
then, the value of &. If a constant velocity layer lies under the variable velocity 
layer, the corresponding value V2 will be read directly on the straight line portion 
of the dromochrone. Then, for the seismic ray which travels through this medium 
and emerges, the value of parameter a is obviously a= (V2/k)'/”. 

The intercept of the straight line portion is T,= 2(t—x/V2) where x= a&(i) and 
t=7(i)/ka"—', with z function of y defined by sin i=(y/a)”. 

Therefore 

Tz = 2V,9/"-) fll» (7(4) — &(4)). (31) 

Knowing é and 7 with respect to i, it is possible to tabulate values of 7—é and 

n=sin/"7, and since y=(V2/k)"/"n), the thickness y of the layer can be computed 


from T>2. Similarly, when a third layer of velocity V3 is present, sin i3;= ky"/ V3, 
sin 7’= V2/V3 and 


T3 = 2V30/"—) R-1/" (7(i3) — E(iz)) + 22 cos 1’/Ve2. (32) 
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If, during a survey, it appears that dromochrones plotted on logarithmic co- 
ordinates start as straight lines with a slope 1—1, it will be easy to compute the 
functions &(z) and 7(i).corresponding to the velocity-depth relationships V = ky" 
and to tabulate values of s—é and sin /"7. With the aid of this table, the interpre- 
tation of dromochrones will become very rapid. In order to gain time, it might be 
advisable to establish before hand a set of such tables or curves for various values 
of n. 

Example: Assume n=1/3 V=kw/y 


e=3f sin’ idi = 2 — 3 cosi + cos*i r=3f sin idi = 3(1 — cos?). 
0 0 


The limits of the integral being o and 7/2, a=2 and B=3. The equation of the 
dromochromic curve is ¢= (2.37/k)x?/*. On logarithmic graph paper, the curve is a 
straight line with a slope 2/3. Only one point of the dromochrone will be re- 
quired in order to obtain k. 

On a seismic ray where 


x = a(2 — 3cosi+cos*i); y=asin®i; ¢ = (3a7/3/k)(1 — cos2). 


If a second layer of uniform velocity V2 occurs, the thickness y of the first layer is 
deduced from the intercept time, since 


= (2V2?/k*)(1 — cos* i) with y = (V2/k)? sin? 7. 


The first equation yields a. value for 7, that is used in the second one. The 
calculation is so rapid that it is not necessary to use special tables. 

During shooting performed on the plateau of Mont Cenis (French Alps), the 
following data were observed 

x 10 4° 70 100 130 160 meters 
t 0.026 0.069 0.097 0.112 0.126 0.141 seconds 

The classical method would consist in dividing the dromochrone in three 
straight line portions corresponding to constant velocities 300, 700 and 2,060 
m/sec. The intercepts would be, respectively 0.012 and 0.063 second. This would 
lead to a thickness of two meters for the first layer, which does not have any 
geological signification, and to a depth of 20.5 meters for the bed rock. 

The logarithmic diagram shows that the three first points are on a straight 
line of slope 2/3 (see Fig. 19). Therefore, the equations just established for 
V =ky" can be applied. 

The value of k is obtained immediately by substituting the coordinates of one 
point (70 m. 0.097 sec): 


k = (2.37)(70)"!*/0.097 = 415 
The intercept of the straight line corresponding to the velocity 2,060 m/sec 


is 0.063. Therefore, 0.063 = 2 X (2,0607/415°*) (1 —cos*z), and hence 1 —cos*i= 0.533; 
sin? i= 0.253; and finally y= (2,060/415)°(0.253) =30.6 meters. 
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As a basis for comparison, the computation was also performed assuming a 
linear variation of velocity. The parameters Vo and / could have been found by 
comparing Figures 19 and 20, but the alternate method was used. From the point 
x=40 m, /=0.069 sec, a tangent to the dromochrone was traced (see Fig. 20). It 
was found that \=1.435, hence by interpolation on Table I, &=1.495 r=1.1915; 
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Fic. 19. Bi-logarithmic diagram of experimental data (Mont Cenis). 
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Fic. 20 Dromochrone for Mont Cenis shooting. 


h=x/&=13.4 m; Vo/h=17.3; and Vo=464 m/sec. The curve plotted using these 
parameters passes well below the first point*(o.o21 instead of 0.026 sec). 
The computation of the second layer is as follows 


Tz = 0.063 = (1/17.3)(¥(464/2,060) — ¥(Vi/2,060)) 
¥/(464/2,060)=1.195 (Table I) and, by difference y¥(V1/2,060) =0.105 
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Vi/2,060=0.785 (Table I) and thus V,=1,615; V:/Vo= 1,615/464= 3.48 
=1+y/h; y=33 meters. 

Thus, although the representation of the dromochrone is not as accurate as 
when using the relationship V = kw/y, the result is not too different. The compu- 
tation is still somewhat longer than when this law is used, but yet it is about as 
rapid as when the alluvia are represented by two constant speed layers, which 
yields too low a result. 

Consider now a relationship such that the velocity would start from ,zero at 
the surface and tend toward a limit as the wave penetrates deeper and deeper. 
For example, V= Aw/y/(y+h). 

It is obvious that two types of seismic rays must be considered whether 
V/sin i= A is smaller (u<1) or greater (u>1) than the velocity limit A. If w<1 
the ray is refracted and reaches back the surface. If 4>1, the ray does not get 
back to the surface, except if it reaches a higher velocity medium, but tends 
toward an asymptotic direction such that sin i=1/p. 

The general equations lead to: 






































+= f = (33) 
0 V(u? = 1)y* + why ” 
M (y + h)dy 
-“{ r ; ’ (34) 
V (uw? — 1)? + why 
or, putting x=£h; y=nh; t=(h/A)r 
= (35) 
0 V(u? — 1)[n? + nu?/(u? — 1)]’ 
. (1 + n)dy 
= ‘ 6 
yc le V(u? — 1)[n? + gu2/(u? — 1)] bs 
The dromochrone has to be constructed only when n<1. Then 
I ndn . 
’ 
Vi — wWdo Vmu?/(t — pw?) — 9? sh 
b (1 + n)dn 
oom ones 2 2 ys (38) 
Vi — wd o VW ap*/(t — 2) — 9 


The limits of these integrals are 7=0 and n=y?/(1—y?) (ray horizontal), and the 
values obtained should be doubled in order to get the length of apparent path 
and the travel time to the point where the ray returns to the surface. 

Hence = mp?(1—y?)—/? and r= ay (2—w?)(1— 2) 7/2 

Table IV indicates values of £ and 7 for a series of points on the dromochrone. 
Figure 21 respresents a plot of the dromochrone on logarithmic paper, and a 
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TABLE IV 
DROMOCHRONE FOR VELOCITY-DEPTH RELATIONSHIP V=AvV/(y)/(y+h) 
Formutas: = &=ap?/(1—w?)9/2@ r= ap(2—m?)/(1—?)9? 

g ui g T é T 
0.00378 0.216 285 4.26 rs.16 22.8 
0.01520 0.431 1.435 4.68 18.70 29°°0 
0.03450 0.665 L702 5-19 23.65 Lay 
0.06210 0.884 2.065 5-83 30.00 30-9 
0.09820 T.112 2.440 6.43 39.00 49-9 
0.14420 1. 362 2.890 7320 51.50 63.6 
0.20200 1.620 3-450 8.23 69.15 82.4 
0.26750 1.875 4.120 9.00 96.20 Tit? 
©. 34800 2.140 4.840 10.03 138.00 153-5 
0.44000 2.420 5-770 II. 30 208.00 226.5 
©.55300 2.740 6.940 12.85 334.00 352.0 
0.67300 3.035 8.370 14.65 578.00 609.0 
0.82500 3.405 10.130 16.81 
1.00400 3.810 12.350 19.62 
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Fic. 21. With coordinates in full, theoretical diagram for relationship V =A / y/(y+h). Dotted 
lines are related to experimental diagram, which should be drawn on transparent paper, and checked 
against theoretical one. When they fit together, position of axis shows values of parameters, here 
h=22.5 m and h/A =0.0086 sec. 
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simple translation would give a dromochrone for any value of k and A. Conversely 
these parameters can be determined from experimental points. 

The thickness of the variable velocity layer overlying a constant velocity 
layer remains to be determined. This corresponds to a straight line portion of the 
dromochrone, and its intercept on the time axis is T>. For the seismic ray which 
gets back to the surface after refraction in the constant velocity layer, n= V2/A. 

If x, y and ¢ are the coordinates of the point where the ray reaches the inter- 
face, 


T2 = 2(t — x/V2) = 2(h/A)(r — E/p) (39) 
and 


ft (u + n(u? — 1)/u)dn 
tT — &/u -f J(u? — 1) [n? + nu?/G? — 1] 


A change of variable 7=(1—s)u?/(2—w?) gives: if 





(40) 





e<t t—€/p=(p/2V/1—p?)(arc cos s++/1—s*) = (u/20/1—p?) F(s), (41) 
if 
a aad (42) 
if 
u>it t—£/p=(u/2V/u?—1) [log (s+Vs?— 1) +-Vs?—1 ] =(u/2Vu?—1)G(s) (43) 


The value of F(s) and (G(s) against 1—s and s—1, respectively, will be found 
in Table V. y is given by the relation y=h(s—1)y?/(2u?—2). 

If in the computation of the thickness of the following layers, y and yu are 
known, these tables will give immediately that portion of the delay measured by 
the intercept which is due to the travel in the first layer, exactly as in the cases 
previously considered. 

As an illustration, these equations will be applied to a set of data obtained by 
E. R. Shepard (1939) at Whitney Point, N. Y. These data plotted on logarithmic 
coordinates (dotted lines) are shown on Figure 21. A dromochrone is plotted on 
the same figure and shown by solid lines. When the dromochrone is brought as 
close as possible to the experimental points, the relative positions of the axis 
gives immediately h= 22.5 m, h/A =0.0086 sec, hence A = 2,620 m/sec. On the 
other hand, the end of the dromochrone plotted on cartesian coordinates is a 
straight line whose slope indicates a velocity V2=4,380 m/sec and whose inter- 
cept is T,=0.055 sec. Thus w=4,380/2,620=1.94 and p/(2~/u2—1) =0.583; 
t—£/u=T.A/2h=3.2=0.583 G(s). Hence G(s) = 5.49. By interpolating on Table 
V it becomes s—1= 2.657, and y= 40.6 meters. 

Using the classical method Shepard (1939) found the thickness to be 35.2 m, 
and a nearby core drill test found the bed rock at 38 meters. 
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TABLE V 
Vetocity-DEpTH RELATIONSHIP V=A/(y)/(y+h) 
w= V2/A Tz = (2h/A)(r — &/u) 
paz : u>t!I 
17— t/h= F(s) t— t/h= G(s) 
2x/t — pw? 2n\/u2? — I 
hp? hp? 
y = ——— (1-3) y = ——— (s — 1) 
2(r — p*) 2(u? —. 1) 
F(s) = arc coss + 1/1 — 3? G(s) = Log (s + V/s? —1) + V/s? — 1 
F(s) I—Ss G(s) s—I 
° ° ° ° 
0.0350 0.00015 0.9013 O.I 
0.0698 0.00061 1.2790 0.2 
©.1047 0.00137 1.5875 0.3 
0.1396 0.00244 1.8470 0.4 
0.1744 0.00381 2.2964 0.6 
0.3481 ©.01520 2.6850 0.8 
0.5206 0.03410 3.0490 1.0 
0.6911 ©.06030 3.3840 E.2 
0.8589 0.09370 3.7020 Lud 
1.0236 0.13400 4.0070 7.6 
1.1845 0.18080 4.3070 1.8 
1.3409 ©.23400 4.5900 2.0 
1.4925 ©.29290 5.2830 2.5 
1.5387 0.35720 5 -9360 3.0 
1.7790 0.42640 6.5750 268 
1.9132 ©.50000 7.1920 4.0 
2.0408 ©.57740 8.3980 5.0 
2.1614 0.65800 9.5640 6.0 
2.2749 0.74120 10.7090 7.0 
2.3811 0.82640 11.8320 8.0 
2.4797 ©.91290 12.9420 9.0 
2.5708 I .00000 14.0440 10.0 
15.1360 it.0 
17.2950 13.0 
19.4350 15.0 
21.5500 17.0 
23 .6630 19.0 











A certain amount of interpretation is possible in the way the experimental 
diagram fits the theoretical curve, but it does not affect the result materially. 
For example, in the illustration given above, an approximation that h=36 m 
and A/h=0.0115 would lead to a thickness of y= 43.1 m, which is very close to 
the result just obtained. ; 


The different types of velocity-depth relationship which have been re- 
viewed correspond to logarithmic diagram either straight or concave downwards 
or upwards. They will probably suffice to represent about all experimental data. 
_ Eventually, the indicated results should be completed by computing values cor- 

responding to slopes other than 2/3 or 1/2. 
For each survey, or even for each kind of overburden, the type of velocity- 
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depth relationship which gives the best results may be chosen once and for all. 
When this choice is made, the computations pertaining to different profiles can 
be conducted very easily and, aided by the use of tables, they will not be longer 
than by the classical method, which requires the calculation of the thicknesses 
of two or three fictitious layers having a constant velocity. 

The method which takes into account the variation of velocity in alluvia is 
closer to actual conditions, and therefore should lead to more accurate results. 
It gives a better understanding of what actually occurs. In particular, it will 
avoid the tempting association of successive constant speed layers to actual 
geologic layers. It is not even too daring to hope that it will be possible to work 
out a correlation between the type of velocity depth-relationship and the physical 
characteristics of the alluvia. 
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THE TELLURIC METHOD OF PROSPECTING AND ITS LIMITA- 
TIONS UNDER CERTAIN GEOLOGIC CONDITIONS* 


V. S. TUMANT 


ABSTRACT 


This paper is in four parts: Part one, deals with general considerations of geophysical methods. 
Part two briefly mentions the properties of the telluric field, and the telluric method. In part three, 
some simple problems are discussed, and as a result of the discussion, two factors are introduced: 
(A) The tectonic factor, ¢, which is a function of the geology of the area. It could neither be meas- 
ured, nor easily calculated; but only estimated roughly from the shape and the orientation of the 
ellipses. (B) The distorting factor Y which is a function of the physical properties of the beds. Its 
value could only be calculated, when the thicknesses of the beds, and their resistivity are known at 
the point of the measurements. In part four, it is concluded, that these factors set a limit in correlat- 
ing the surface measurements to the actual shape and the size of the structure, and thus a limit to the 
interpretation of the results of a telluric survey. 


INTRODUCTION 


So far there is no single geophysical method which is ideal for the purpose of 
prospecting. Each one has its limitation and can be applied, but to only particular 
problems. In general, geophysical methods of prospecting can be classified into 
two categories: ; 

(a) those in which natural fields are used for the purpose of prospecting; 

(b) those in which an artificial field or energy source is produced to enable 
the prospecting to be carried on. 

In the latter we have the power to control the quality and the quantity of 
the field. Whereas such power of control is lacking in the first type of prospecting 
methods. To produce an artificial field is obviously costly, and thus the second 
type of prospecting is more expensive than those in which the field is provided 
by nature. 

The telluric method of prospecting falls into the first category, since the 
telluric field is a natural phenomenon. Evidently there is no depth control in this 
method. If the area under investigation is of a complicated nature, the picture 
derived at the surface is complex, the main geological features being distorted, 
and its analysis into the true structure is difficult and often impossible. This is 
not a special feature of this method, but also can be applied to other natural 
methods, i.e., the gravity and the magnetic methods. 

There is much to be said in favor of the seismic methods, e.g. the refraction 
method, where frequently one can pick up a particular bed with a specific 
velocity of seismic wave propagation. Even such a method fails to distinguish two 
beds which have completely different structures, but have the same velocity of 


* Manuscript received by the Editor January 14, 1950. 
t Anglo-Iranian Oil Co., Abadan, Iran. 
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seismic wave propagation. For example, in the refraction seismic survey carried 
out in the Market Drayton, England a refracting horizon of 17,000 feet per second 
velocity was detected. This was followed for some 20 miles from east to west, 
and in this interval the refracting velocity changed very little. However, in the 
area there exist numerous faults. The upper Carboniferous rocks have been 
noticed at the surface as an outcrop due to the faulting. Also from the geology 
of the area, it is known that elsewhere Carboniferous Limestone exists. Js the 
refracting horizon Carboniferous Limestone? Holes drilled on two “highs” in the 
area revealed a pre-Cambrian basement of rhyolite at one point, while Carbon- 
iferous Limestone, of about 250 feet thick was encountered at the second point. 
In reality none of the geophysical methods provide nonambiguous solutions, 
unless they are related to bore hole evidence. This procedure is unfortunately 
very costly but it has become a standard practice. 


TELLURIC FIELD, AND THE TELLURIC METHOD OF PROSPECTING 


In this method of geophysical prospecting, advantage is taken of the existence 
of extensive sheets of current concentrated mainly in the conducting sediments. 
They flow over a large portion of the earth crust. The method differs from ordi- 
nary resistivity prospecting, the normal method most closely related to it, in that 
the effective current electrodes producing the current can be assumed to be at 
infinity, and the source of the electric field energy is supplied by nature. 

The main earth’s electric field covers a very large area of many thousands of 
square miles. These main earth currents are the result of many phenomena, such 
as rotation of the earth through the magnetic field of electric currents in the 
ionosphere, magnetic storms, etc. On these main earth currents, which vary in 
magnitude, are superimposed currents of local nature arising from numerous 
causes. The existence of these local currents makes the correlation of two records 
of natural earth potentials taken at two points separated by large distances, 
difficult and sometimes impossible. 

At a point, in or at the surface of the ground, there is a potential gradient, 
changing its magnitude and direction continuously with time. Variation of this 
potential gradient with time is defined, for practical prospecting purposes, as the 
“telluric field.”” The recordings upon which the experiment is based enables one 
to detect the projection, or the independent component, of the telluric field 
along a given direction i.e., the line joining the electrodes on the surface of the 
ground. By recording along two perpendicular directions, it is possible to compute 
the telluric field. In practice one examines the telluric field at a point, S, and the 
corresponding field at a point, B. 

It has been shown by Schlumberger, and others that: 

(A) If at a given moment the telluric field at a point, B, has a given magni- 
tude and direction represented with a vector 2, then at the same moment at any 
other points S it will have a magnitude and direction V. Because of superposition 
of the effect it follows that a vector kV at B, will correspond to a vector kV at S, 
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i.e. there is a linear relation between the two vectors. Two vectors are said to be 
“homologous,” when there is a linear relation between them. Thus two vectors 
v and V are ‘‘homologous.”’ 

(B) If it is assumed that the telluric field at base B rotates in all directions, 
and consider the telluric vector as a unit, then it will produce a circle of unit 
radius and area 7. Homologs of these vectors at any observation stations, S, 
will trace an ellipse. The shape and the area of these ellipses is a constant, inde- 
pendent of the direction of the lines on which the recording is made. 

For a survey, simultaneous recordings are made at a base station, B, and 
an observation station, S. This process is repeated for numerous ob- 
servation stations, say Sa1, Sa2, Sas, Sas * * * San. The ellipse’s area of stations, 
SarSa2Saa5atSa5 °° * San * * * are computed. Depending on the extent of the sur- 
vey, numerous base stations, are established, and finally all the stations 
SapSamStq * * * Skn etc., are connected to one base station. It is also customary to 
determine the homologous vectors at every station relative to the north and the 
east vector at a base station. By joining these vectors to one another, a map of 
the current flow in two perpendicular directions in the conducting beds is ob- 
tained. Such a map is of great significance, as it reveals the secret of the under- 
lying beds, in the area which is investigated. Using other information such as 
electrical sounding profiles, along with the above map a contour map of equal 
area of ellipses is drawn. 

For further detailed informations on the method and the computation of the 
results, the reader is referred to the references listed at the end of the paper. It 
is proposed in the remainder of the paper to investigate some simple problems 
encountered in the telluric survey, and the limitations of correlating the surface 
measurements with the dimensions and the shape of the structure. 


SOME THEORETICAL CONSIDERATIONS 


One Layer Problem. 

The ideal case for investigation by the telluric survey involves a layer of 
sedimentary rock with fairly mild tectonics overlying a resistive bed rock, such 
as igneous rocks. 

Assuming that 


Psed <K Pigneous 


then the telluric current density will be much greater in the sedimentary bed. 
Further it is reasonable to assume, particularly in the presence of a minimum of 
topographic relief in the basement, that little interchange of current will occur 
between the two formations. Thus the lower bed may be regarded as of infinite 
resistivity. 

The integral /cds over any equipotential surface between the two boundaries 
of the bed is accordingly constant, where c is the total current density and ds an 
element of area of the equipotential surface, or 
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f eas = constant. (1) 


Furthermore, in general we can write 


fends = f eas = J = constant, (2) 


where J can be defined as the total current passing through any surface, where 








Fic. 1. One layer problem, when a sedimentary bed is lying on an infinite resistive bed. 


c, is the normal component of the current density over any vertical plane. 
Hence over the vertical «xz plane 


fend ={f udxdz = I (3) 


where u is the component of the current density in the y direction. Let us assume 
a bed with thickness varying in the y direction only, i.e., a two dimensional prob- 
lem. Then we can write 


z+D h 
: f f udxdz = constant = 7, (4) 
2 0 


where / is the thickness of the bed and D is the width of the section considered. 
Integrating we get in general 


hyu,D = het2D = ee =h,u,D (5) 
hy = hotte = + * ae Nntn (6) 


where w is current density in the direction of y and is the projection of current 
censity c on the y axis. 
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Equations (1) and (2) are equations of continuity and are perfectly general. 
However, in integrating these equations it has been assumed that w is inde- 
pendent of depth, and thus on this basis the equations (5) and (6) have been 
derived. If the thickness of the conducting layer is large compared with the 
electrode separation which is used to measure the surface potential gradient, and 
dz/dy the slope of the bed is fairly small, i.e., up to 30 degrees, then it will be 
approximately independent of the depth. These statements are the results of 
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Fic. 2. Results of tin foil experiments. These are ideal two dimensional problems having various 
shapes. Curve (1) is the theoretical curve while Curve (2) is the actual plotting of the potential 
gradients measured at the surface of the structure. 









some laboratory experiments carried out on tin foil. Under such ideal conditions 
jt can be assumed that ~ remains constant over a particular vertical surface, i.e., 






uy’ = Us! = U3! = + 2,’ (7) 





From equation (6) we have 







y/ he => U2/ Uy. ; (8) 








Where um; and ~ are the current densities at sections where the depths are /; and 
he respectively. 
Also, 








= — 1/p:/dn,/dy (9) 


= — 1/p2/d02/dy, 
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whence, 
ta/p2 = (1/pr)/(01/0)/(1/p2) (Or2/dy). (11) 
If we are dealing with a homogeneous medium then 
p: = pr; (12) 
and finally 
Iy/hz = (dv/dy)(dn/dy). (13) 


Therefore if the potential gradient along a profile in the y direction is measured, 
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Fic. 3. Results of tin foil experiments. These are ideal two dimensional problems having varicus 
shapes. Curve (1) is the theoretical curve while Curve (2) is the actual plotting of the potential 
gradients measured at the surface of the structure. 
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Fic. 4. Results of tin foil experiments. These are ideal two dimensional problems having various 
shapes. Curve (1) is the theoretical curve while Curve (2) is the actual plotting of the potential 
gradients measured at the surface of the structure. 
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by plotting gradients dv/dy against y, and taking into account the surface topog- 
raphy, we obtain an approximate shape of the surface of the non-conducting 
basement. It is apparent that the type of current flow considered above is identi- 
cal with flow in a thin conducting sheet of uniform thickness. 

Experiments carried out with tin foil cut into different shapes have been used 
as small scale ideal structures, each with a different value of dz/dy. One can see 
immediately that these experiments justify the above discussion. The diagrams 
show two curves of which (1) is the theoretical curve of 1// against y while (2) is 
the experimental curve of dv/dy against y. In the field a difficulty arises due to 





Fic. 5. Cross section of a cylindrical structure. 


the fact that the conducting beds are not “two dimensional.”’ In fact / is a func- 
tion of x and y or 


h = f(x, y). (14) 


To take this into consideration a tectonic factor ¢ is introduced. It is a factor 
whose value will be unity only for ideal cylindrical structure so that in general 
for a one layer case one can write 


(0v,/0y)/(0v2/dy) = @:/e2 = he/hy(¢). (15) 


Thus a reasonably satisfactory theory is available for the interpretation of 
the simple one layer structure. Deviations of any formation from a cylindrical 
structure, when the tectonic factor ¢ is not unity, would tend to distort the de- 
rived picture from the true picture. It is in these cases where the axes of the 
ellipses, applying elliptical properties of the telluric field, and their directions 
relative to one another, prove to be of great significance. 

In a cylindrical structure the potential gradients are variable for a current flow- 
ing perpendicular to the strike, but are uniform in the strike direction. This fol- 
lows since the current always distributes itself over a.constant cross section. There- 
fore an ellipse built at a point, S, relative to a base, B has a very important 
characteristic. There would be a relatively constant axis in the direction and magni- 
tude of the strike, while the variable axis is perpendicular to the strike. 

If in an area the axes of ellipses are all parallel to one another, then this is an 
indication that the structure is approximately cylindrical. It is in such a struc- 
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ture that the ratio of the two ellipses is approximately the same as the inverse ratio 
of the thickness of the conducting bed. In general the direction, and the magnitude 
of the two axes give an indication of the structure. The factor ¢ is a function of 
the direction in which the surface measurements are made. For a complete revolu- . 
tion, its value may change between o.5 and 2. There are no means by which the 
value of ¢ could be measured or even calculated (unless the dimensions of the 
structure are known in detail). Only an approximate value for its magnitude could 








Fic. 6. Cross section of a faulted structure, where the picture derived at the 
surface along one traverse is very misleading. 


be estimated for specific directions from the dimensions and the shape of the 
ellipse. As the number of layers increases, the effect produced by the tectonic 
factors ¢ multiplies, and thus their distortion effect on the surface measurements 
becomes more significant. 


Two Layer Problem. 


Assume two sedimentary beds of thickness 4; and hz and resistivity p; and pe 
lying on an infinite resistive basement. If the structure has calm tectonics, 
dh/dy, or 0(hn+hm)/dy are moderate, we can say that dv/dy or e the electrical 
field at the surface is approximately proportional to the inverse conductance ¢ 
when, 


c = h/p; = hn/p, + hm/pr, (16) 


where p; is the resistivity of a bed of thickness # giving the same conductance c. 
Let 


(dv/dy)1 = a1 = — pum, (17) 
(dv/dy)2 = €: = — piun,. (18) 
At the boundary the tangential potential gradients are continuous, i.e., 


pun, = — 
piun, = p2um, 


(19) 
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Also, we have assumed that total current J remains constant in the conducting 
beds, therefore, 


yu, = hnyun, + hmum, = hnun, + hmoume. (20) 
From equations (19) and (20) 
ex/es = um /Une. (21) 
Using equation (19) to eliminate wm, and wm, from Equation (20), 


umhn, +. (pi/p2)umhm, = unchn, + (pi/p2)unehme, (22) 


or, 


un / UN: = (p2hn2+ pihme) /(pohm+pikm) = (hne/pithme/p2)/(hm/pithm,/ po). (23) 


x 
3 
2 A 8B 
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Fic. 7. Two layer problem. Here two sedimentary beds are lying on an infinite resistive basement. 


Hence from Equation (21) 


€1/e2 = (hne/pit+hme/p2)/(hm/pit+hmy,/ pe). (24) 
In the single one layer case we had, 
€1/€2 = he/h(¢). (25) 
In the two layer case, equation (24) can be written as 
1/e2 = ho/In()-(d2), where —{ dr = (41) -(¢2)} (26) 
Where, 
¥ = I(p2hne + prhme)/ha(p2hm, + pikm). (27) 


Since the magnitude of factor y (Equation 27) will be considerably different from 
unity, its effect in distorting the actual picture derived from the ratios of potential 
gradients is significant, even when ¢12, the Tectonic factor is a unity. For this 
reason W may be called the distorting factor, and its influence will vary from station 
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to station. Thus the picture derived from these observation stations will not be 
affected uniformly. In the simple two layer case, 


hn, = 2 hng= 1) hm =1 hm: = 2, (28) 
so that 


hy = he, (29) 


at the two points 1 and 2. 
The value of y is a function of p; and pz: only. 








Fic. 8. To calculate the Distorting Factor a special two layer case is chosen. In this case the 
depth from the surface of the ground to the infinite resistive bed is assumed to be equal. kn =2, 
hm=1; hnz=1, hm2=2, therefore h, =. 


Three Layer Problem 


Assume three conducting layers, lying on a very resistive basement. This 
can be treated in a similar way using the boundary conditions by, 


piun = poum, = we (30) 
30 
Pine = piumM, = p3tpr 
or, 
2 um, = pi/p2 UN, ) 
up: = pi/ps Um lan 
31 
um = p/p. UN2 
upe = p/p; ume) 
Again, 


€:/e2 = um /UNe. (32) 
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We have assumed that the continuity of the total current gives, 
yu, = hnyun, + hmyum + hpup, = é 
hotte => hnyune + hmum, + hpoupr = J ‘ 


(33) 


From these it follows that, 


Un, / Un = e,/ a= (hnepops + hmepip3+ h Popip2) / (Aniprps + hmypips + hp.pip2) (3 4) 


and the distorting factor, y, is given by, 
v = hy[hn.pops + hmepips + hpeprpr)/(ha(hmipops + hmipips + hprpp2)). (35) 


R 











Fic. 9. Three layer case similar to one and two layer case. 


This system of equations can be extended to any number of layers, leading to, 
€:/€2 = um,/UN2 = (hnepopsps oo aE + hmopipsps - - - pé ++. hz,pipe oe - pe) 
/(hmpo2psps + * - pe + hampipsps - + + pe + +++ hepipo- - - pe-1), (36) 
with a distorting factor, y, 


y= hy/he (An2popspa eee. to ete, hz.pip2 Yee pe-1) 
/(hmypopsps - + > pe t+ +++ + hegprp2+ ++ pea) (37) 


where /, and / are the total thickness at points 1 and 2 of all the layers. It is 
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evident that the complexity of y increases with the number of layers but factors 
of the order of magnitude of that already calculated are still to be anticipated. 


CONCLUSIONS 


It is evident that the two factors ¢ and y set a limit to the significance of the 
surface measurements in a telluric survey. The effect introduced by these two 
factors is large and complex where the thickness of the conducting sediments is 
considerable, and the number of layers numerous, thus the telluric picture de- 
rived at the surface is greatly distorted. This is specially so when the resistivity 
of these beds alternates with a large ratio, and the structures vary considerably 
from a cylindrical form. Therefore, results obtained from such:a survey are of a 
qualitative nature only, and their significance cannot be correlated with the 
thickness and exact shape of the sediments. For this reason the telluric method of 
geophysical exploration is by no means superior to the seismic methods of pros- 
pecting. It is to be noted that in an effort to improve the interpretation, resistivity 
surveys are frequently carried out to yield information concerning the resistivitv 
changes involved. 

When compared with the seismic method, it will be seen that the telluric 
method has, in fact, revealed areas of structural highs, although there are certain 
discrepancies in precise position. On the other hand the depth estimates are not 
reliable. It should be noted, however, that the telluric method is not claimed to be 
superior to the seismic method, but rather it can, under suitable conditions, give a 
clearer picture than the gravity and magnetic methods. On the assumptions 
made, the telluric procedure does not reveal resistivity changes in the basement, 
but only those in the superincumbent sediments. The gravity and magnetic 
methods, however, respond to all deep seated contrasts and the local effects are 
imposed upon the regional anomalies. In many cases the two effects are difficult 
to separate. The precise evidence yielded by the telluric method is one of the 
magnitude of the surface resistivity and current density, and the problem to be 
solved in the interpretation, is to determine the relative significance of these 
factors. If the two could be separated from the measurements by satisfactory 
supplementary experiments, then a more accurate picture might well be deter- 
mined. 
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ELECTRIC LOGGING APPLIED TO GROUND-WATER 
EXPLORATION* 


P. H. JONES ano T. B. BUFORDT 


ABSTRACT 


A method is described for the determination of the quality of ground water in granular aquifers 
penetrated by rotary-drilled holes electrically logged. Conventional techniques of electric-log inter- 
pretation, to determine true bed resistivity from apparent resistivity values, are briefly described; 
and a method for converting water-resistivity values into hypothetical chemical analyses is explained. 

The objective of the method is to narrow the limits of error in quality-of-water estimates based 
upon electric logs. Water-well contractors are fully aware of the risks attendant in making drill-stem 
tests in open hole, which is the method now employed to obtain representative samples of formation 
water. Packer failure results in contaminated samples; hole collapse may mean loss of drill stem, 
screen, and the hole. In the Gulf Coast where water-well tests range in depth from 100 to 3,000 feet, 
methods that will eliminate at least a part of the need for drill-stem tests deserve consideration. The 
paper deals also with methods of determining formation porosity in situ, which is an important 
factor in salt-water-encroachment problems. 


INTRODUCTION 


Quantitative interpretation of resistivity data obtained from electric logs has 
been possible in the United States only during the past decade, during which the 
fundamental interpretive equations have been derived and applied. The electric 
log now serves not only as a graph or “‘picture”’ of-the resistivity profile of the 
rock sequence penetrated by the bit, valuable for correlation of the formations 
from hole to hole, but also as a physical measurement of their thickness, porosity, 
and fluid content. The oil industry has been concerned largely with the oil-gas 
and oil-water relationships in the sands, rather than the chemical character of 
the waters. Application of the electric-logging technique to ground-water explora- 
tion is in its early stages, from the standpoint of quantitative results. 

It is a simple matter to obtain true resistivity of thick granular aquifers from 
the electric log, and it is possible to determine the physical characteristics of the 
sands that influence bed resistivity by testing formation samples, i.e., drill 
cuttings, carefully collected from small-diameter rotary-drilled wells. The re- 
sistivity of the water that fills the voids in the sand can then be calculated. 

The resistivity of a water has a definite relation to its chemical content. Pure 
water is essentially a nonconductor, and the amount of ionized mineral matter 
in solution determines its resistivity. Thus the electrical resistivity of a water, 
which is determined at standard temperature and pressure, indicates the degree 
to which mineral matter is present. 

If the ions of all salt solutions were equally mobile and carried the same electri- 


* Published with the permission of the Director of the U. S. Geological Survey. Manuscript 
received by the Editor May 22, 1950. 
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cal charge it would be rather simple to interpret water resistivity in terms of 
total ion concentration. However, this is not true, and it is not practicable to 
attempt interpretation of resistivity data for a water solution in parts per million 
of dissolved solids unless the “family” of mineral salts that may be present is 
predictable, at least in a general way. Fortunately, from the standpoint of ground- 
water exploration, a given aquifer generally is characterized by a certain as- 
semblage and relative concentration of mineral salts in water, at least within a 
certain area. This is generally true, not only for a single aquifer, but also for 
several aquifers in the same geologic formation. Where there is marked change in 
the lithologic or structural conditions, however, the character of the chemical 
constituents of the water may be expected to differ. On a regional basis, forma- 
tions of great lateral extent and limited thickness, composed of from one-third 
to two-thirds of sand, may be expected to yield ground water having a charac- 
teristic chemical quality. Change in chemical quality with distance from the 
outcrop, the area of ground-water recharge, generally follows a determinable 
pattern, and must be recognized in quantitative interpretation of water-resistiv- 
ity data. 

The writers gratefully acknowledge the advice and assistance generously 
given by Mr. Hubert Guyod of the Well Instrument Developing Company, and 
Mr. R. T. Wade of the Schlumberger Well Surveying Corporation. Constructive 
criticism and suggestions with regard to techniques were received from Mr. 
Nicholas A. Rose, consulting ground-water geologist, and Mr. W. W. Hastings, 
Chemist, U. S. Geological Survey. Mr. Leo W. Hough, State Geologist of Louisi- 
ana, through his interest in this study, has assisted materially in its completion. 
The investigations leading to this paper were conducted under the general super- 
vision of Mr. V. T. Stringfield, Senior Geologist, and Mr. A. N. Sayre, Chief, 
Ground Water Branch, U. S. Geological Survey. 


DETERMINATION OF TRUE RESISTIVITY FROM THE ELECTRIC LOG 


The true resistivity of a bed is determined from measured apparent resistivity 
by simultaneous application of two corrections, one for relative thickness and 
one for relative apparent resistivity. The relative thickness is obtained by divid- 
ing the bed thickness by the electrode spacing. The relative apparent resistivity 
is obtained by dividing the maximum apparent resistivity in sand by the average 
resistivity in shales. The correction factor to apply to obtain true resistivity can 
be read from a chart prepared by Guyod (1943). This procedure should be fol- 
lowed only for beds whose thickness is less than or equal to electrode spacing. 

If bed thickness ranges from more than once to less than twice the electrode 
spacing no method of analysis gives reliable results. The only solution is to use a 
different electrode spacing. This is one of the reasons why electric logs are gen- 
erally made with two or three different electrode spacings, giving at least one usa- 
ble resistivity curve for each bed. 

If bed thickness is greater than twice electrode spacing no correction factor 
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need be determined. A reliable value of true resistivity may be obtained by graph- 
ical analysis of the log, as follows: 

1. Select on the resistivity curve for the aquifer, points of maximum inflection 
on the curve, drawing horizontal lines through these points. 

2. Pick on the resistance curve the point P, exactly half way between the 
lines. The apparent resistivity at this point is very close to the true 
resistivity of the bed, provided, as is usually true, that the aquifer resistiv- 
ity is not too high. 

Resistivity-departure curves that enable determination of true resistivity of 
thick formations have been prepared by the Schlumberger Well Surveying Corp. 
(Doll, 1947). It is necessary to know the following four values to determine true 
resistivity of the bed: (1) the electrode spacing, (2) the hole diameter, (3) the 
resistivity of the drilling mud, and (4) the apparent resistivity of the bed. 
Guyod (1947-48) has described a variety of conditions in which use of the de- 
parture curves gives information that could not be obtained in any other way. 


FACTORS THAT AFFECT THE RESISTIVITY OF A GRANULAR AQUIFER 


The electrical resistivity of a water-saturated granular aquifer is a function of 
its porosity and the distribution of the pores. Given constant water resistivity, 
formation resistivity is inversely proportional to porosity raised to an exponential 
power that represents void distribution. These relationships are expressed by the 
equation derived by Archie (1942). 


Ri = Rw/P™ (1) 
F=1/p™ (2) 
Rt = FRw (3) 


where Ri=formation resistivity 
Rw= water resistivity 
P=porosity 
m=cementation factor (void-distribution coefficient) 
F=formation factor 
The value of Rt, true formation resistivity in situ, is obtained from the electric 
log by the method explained in the first part of this paper. The water resistivity, 
Rw, can be determined by electrical test if a sample is available, or by calculation 
if formation samples, sand, are available in addition to the electric log. Porosity 
values can be measured by volumetric test of formation samples or cores; or 
they can be calculated if Rt, Rw, and the coefficient m are known. The void- 
distribution coefficient m, commonly termed the cementation factor, can be de- 
termined by electrical test in the laboratory, using formation samples of known 
porosity saturated with water of known resistivity, at constant temperature. 
Table 1 gives the results of laboratory tests of 62 sand samples from aquifers 
of Tertiary, Pleistocene, and Recent age. Porosities ranged from 24.9 to 50.1 per 
cent. The greatest range occurred among samples from the Fleming formation, 
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a name used by the Louisiana Geological Survey, of Miocene age. Angularity and 
arrangement of grains, uniformity of texture, and cementation since deposition 
determine the porosity. 


TABLE I 
PHYSICAL CHARACTERISTICS OF FORMATION SAMPLES 





































































































— depth Formation factor (Ri/Rw) —e 
USGS (feet) Porosity : 
well (per cent) {ome elec.| (By lab. test) (By lab. test) 
og & water 
(Top) (Bottom) resistivity) | Test 1 | Test 2 | Test1 | Test 2 
Wilcox formation (Eocene) 
Na-53 212 221 43-3 3-53 3-69 3-75 1.55 1.59 
Na-53 221 231 40.0 3.53 3.80 — 1.50 — 
Na-55 674 682 40.3 4-35 2.88 3.48 3 ap 1.41 
Na-57 556 567 ar .3 4.16 3-70 4.40 1.58 1.64 
Na-57 567 577 41.4 4.16 3.90 5.00 Ege 1.58 
Na-57 577 587 41.8 4.16 4.30 4.64 1.57 1.77 
Na-58 506 516 43.0 272 Ao17 4.56 P57 1.03 
Na-58 527 538 41.3 3.92 3.80 4.84 1.57 1.90 
Na-61 535 545 40.1 2.43 2.670 4.90 1.46 1.93 
Na-61 545 556 43-9 2.43 3.20 4.20 1.40 1.82 
‘ Sparta sand (Eocene) 
Na-54 359 370 39.0 3.71 3.6% 3.58 1.39 1.60 
Na-58 260 274 44.5 1.29 3.80 4.05 1.54 1.68 
Na-61 217 250 39.9 7.05 3.86 2.90 1.52 Z..25 
Ou-100 644 656 40.3 3.55 4.00 2.23 1.60 re 
Qu-100 656 667 42.9 4.455 3-90 2.23 1.65 1.37 
Ou-101 707 714 43-8 2.65 4.05 2.95 5:72 1.20 
Ou-102 223 235 43.5 4.50 3.40 2.60 1.45 Dar 
Ou-102 362 373 46.4 3-44 3.30 3-45 2082 1.60 
Ou-102 466 478 43-9 3.62 3.50 3.00 5 at 1.30 
Ou-102 488 497 40.7 3.62 3.50 3.16 1.40 b.27 
Ou-102 705 729 33).7 3.99 5.80 5.00 1.93 1.65 
Ou-103 504 528 44.0 2.51 4.40 3.22 1.93 1.40 
Ou-103 712 736 46.5 3)56 4.30 3.80 1.07 D7 
Catahoula formation (Miocene) 

G-105 232 236 40.9 3-49 4035 4.24 1.60 1.75 
G-105 236 248 40.0 3-49 4.26 4.00 1.68 1.59 
Fleming formation (Miocene) 

Al-108 1,738 1,761 38.8 3-50 4.60 4.00 1.63 1.54 
Al-108 1,796 1,807 37.9 — 4.00 4.00 1.50 1.49 
Al-108 1,807 1,818 39.6 — 4.36 4.30 r.70 1.61 
Al-108 1,841 1,852 39.8 _ 4.50 4.30 1.62 1.69 
Al-109 516 526 47.3 2.83 4.25 4.25 1.23 1.23 
R-432 346 354 46.44 2.49 2.13 3-33 0.97 1.53 
R-432 354 304 43-73 2.49 2.58 3-04 1.10 1.31 
R-432 364 376 50.06 2.49 3.06 2423 1.50 1.61 
R-432 458 468 43.00 2.3 4.36 4.66 1.85 1.99 
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TABLE 1—Continued 


















































Sample depth Formation factor (Rt/Rw) —_ 
USGS (feet) Porosity 
well (per cent)| (From elec.| (By lab. test) (By lab. test) 
/ log & water 
(Top) (Bottom) resistivity) | Test 1 | Test 2 | Test1 | Test 2 
Formations of Pliocene and/or Pleistocene age 
EB-444 2,012 2,043 40.4 _— 4.00 2.60 1.60 1.04 
EB-444 2,054 2,087 40.0 — 4.05 3.00 1.59 1.20 
Ev-142 510 545 38.2 4.96 4.04 4.07 E5S3 1.54 
Ev-142 545 563 36.2 4.96 4.18 4.52 1.50 1.62 
Ev-142 034 940 38.0 4.94 4.37 4-32 1.63 1.62 
Ev-142 940 057 38.7 4-94 4-74 4.85 1.81 1.85 
WBR-23 2,108 2.135 40.57 3.62 4.80 4.23 1.92 1.70 
Formations of upper Pleistocene age 
JD-224 122 144 40.07 3.16 2.50 — 1.00 — 
JD-224 144 166 36.20 2.97 3.21 — E.tg _ 
JD-224 166 190 31.70 2-07 4.81 — 1.50 — 
JD-224 212 234 29.55 3.46 6.78 _— 1.95 — 
JD-224 234 257 28.57 4.29 5.16 _— 1.45 = 
JD-224 257 274 27.18 2.64 5.71 —_ ¥.§2 = 
JD-224 274 293 31.91 3.20 3:75 a 2.9% = 
JD-224 302 323 24.88 3.30 6.25 — ¥<52 — 
JD-224 323 344 26.83 3-79 6.82 —_ 1.79 — 
JD-224 344 365 32.30 4.78 8.18 _ 2.59 — 
JD-224 365 386 37-45 3.96 5.20 — 1.92 = 
JD-224 386 407 40.14 3.63 3.40 — Beas _— 
JD-224 428 450 31.16 3-96 5-45 _ 1.65 = 
JD-224 450 465 33-04 3-79 5.21 ates 1.70 = 
JD-224 465 473 29.01 4.38 7-39 on 2.09 a 
JD-224 495 510 30.84 — 6.25 _— 1.89 _ 
JD-224 555 602 33-76 5.10 3.10 _ 1.02 _ 
JD-224 602 647 35-70 2.92 3.62 —_ 1.28 Se 
JD-224 647 692 34.71 SSF 3-95 — ¥:35 _ 
Formations of Recent age 
Na-54 rH 84 36.4 4.03 3.30 3.48 1.20 1-72 
Na-58 63 71 40.8 2.18 4-79 4-45 1.59 1.85 





























In his study of the water-bearing characteristics of granular rocks Slichter 
(1899), to resolve all variables in shape and arrangement of grains, first made a 
theoretical study of an ‘‘ideal soil’? consisting of spherical grains of equal size. 
His description of the geometry of systematic packing in an “‘ideal soil” follows: 


If the grains of soil are arranged in the most compact manner possible, each grain will 
touch surrounding grains at twelve points, and the element of volume will be a rhombo- 
hedron having face angles equal to 60° and 120°. If the grains are not arranged in the 
most compact manner the rhombohedron will have its face angles greater than 60°, and 
each sphere will touch other spheres in but six points but will nearly touch in six other 
points. The most open arrangement of the soil grains which is possible with the grains in 
contact is had when the rhombohedron is a cube. 
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Graton and Fraser (1935) do not accept Slichter’s postulate of the cube and 
“simple” rhombohedron (a rhombohedron each of whose faces is the “‘simple”’ 
rhomb of edge 2R) as special limiting cases of a general rhombohedron capable, 
‘by variation of its face angles to any intermediate value between the go® and the 
60°—120° of these limiting cases, of representing the equivalent of every possible 
variety of systematic packing between the cubic, or loosest, and the rhombo- 
hedral, or tightest. They state: 

This conception of an infinite series of possible ‘‘intermediate” rhombohedrons, each 
with a given porosity, as entertained by Slichter, helps undoubtedly to emphasize the in- 
escapable effect of packing on porosity. But it would seem that such intermediate rhombo- 
hedral arrangements are, in the first place, less likely actually to occur ina natural assem- 
blage of solid units; moreover, they seem more arbitrary, less varied, and therefore less 
general, less easy of visualization, and less enlightening than are the six cases here pre- 
sented, . . . (which) are analogous to well known simple crystal forms; and finally, complete 
and exclusive commitment to this conception of a “general rhombohedron” leads to various 


real errors. 


It has been demonstrated by the authorities here cited that a sand made up 
of perfect spheres with cubic packing has a porosity of 47.6 per cent. The same 
sand with orthorhombic packing has a porosity of 39.5 per cent; and with rhombo- 
hedral packing, 25.9 per cent according to Graton and Fraser (1935). 

Laboratory measurements of porosity of sand samples may or may not be 
- representative of their porosities im sifu, but repeated determinations for the 
same samples gave comparable values, as shown in Table 2. It may be that the 


TABLE 2 


Porosity DETERMINATIONS FOR SELECTED SAMPLES 
(Expressed as per cent of sample volume) 








Maxi- 





Sample depth mum 
USGS (feet) Test Test Test Test Test Test ae depar- 
well > 2 3 4 5 6 pit ture 
nO. Top Bot- porosity from 
tom av. 





Wilcox formation (Eocene) 
Na-55 662 673 39-73 40.07 40.62 40.63 40.36 40.28 40.28 —0.55 
Sparta sand (Eocene) 
Ou-102, 705 729. 35-73 34-95 32-41 34-87 34.01 33-75 34-42 2.01 
Catahoula formation (Miocene) 
G-105 236 246 41.30 40.98 40.88 41.36 42.59 40.00 41.19 +1.40 
Formations of Pliocene and/or Pleistocene age 
EB-444 2,012 2,043 40.89 40.82 40.58 41.35 40.95 40.40 40.83 +0.52 
Sediments of upper Pleistocene age 
JD-224 555 602 33.53 32-85 32.19 32.89 32.40 33.76 32.94 +0.82 
Sediments of Recent age 
Na-58 63 71 36.61 37.89 36.32 37.61 37:71 40.80 37.82 +2.18 





degree of packing is subject to less variability for sands of non-uniform texture 
than for uniform-textured sands. However, irregularities in the shape of the grains 
composing the sand result in 2 wider possible range in porosity values and cross- 
sectional areas of voids because irregular forms may, theoretically, be packed 
either more tightly or more loosely than spheres. 
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Table 3 gives the porosities of grade-sized samples of sand. There is no orderly 
relation between porosity change and gradation in texture or change in permea- 
bility of the samples tested, but a systematic increase in both formation factor 
and cementation factor occurs with increase in coarseness of the texture of 

















samples. 
TABLE 3 
PHYSICAL CHARACTERISTICS OF GRADE-SIZED SAMPLES 

Passed by _—Retained si : r 
peda by screen Porosity Permeability oe eo 
opening opening (per cent) ileal ves 

Gnches) Ginches) (Meinzer’s) (Darcys) (F=Rt/Rw) (m) 
0.0344 0.0232 40.17 2,588 rati.3 4.08 1.63 
0.0232 0.0198 41.43 1,810 88.3 4.06 1.65 
0.0198 0.0716 41.41 1,365 66.6 3.87 1.59 
0.0716 - 0.0614 40.02 1,494 60.1 3.88 $u53 
0.0614 0.0138 41.87 920 44.9 3.96 1.63 
0.0138 0.0116 45-32 498 24.3 3.30 1.48 
0.0116 ©.0097 41.56 388 18.9 3.60 1.48 
0.00097 0.0082 44.40 276 E3.5 3.10 E.37 
0.0082 0.0058 42.37 204 9-9 3.00 1.26 





The graphs in Figure 1 show the relation among the porosity, the formation 
factor, and the cementation factor of a sand. Rapid determination of the approxi- 
mate porosity of a sand can be made from this chart if the electric log, the water 
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Fic. 1. Graphs showing relation among porosity, cementation factor, and formation factor. 
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resistivity, and the cementation factor are known. The method is applied in the 
fourth part of this paper. 

With regard to the coefficient m, which he terms the porosity exponent, Jones 
(1946) states: 

The value of m depends upon length of (ion travel) path and distribution of voids. If 

the voids in media are distributed uniformly, m depends on the length of the tortuous path 

through which a current is displaced. The length of the tortuous path for rhombohedrally- 

packed well-sorted media (sand) is on the order of 1.3. The length of the path in fractured 

(rock) and in (rock) having solution channels may be less than 1.3. The length of the tor- 

tuous path in consolidated (rock) is longer than 1.3 especially if the distribution of voids is 

not uniform. 

Calculations based upon laboratory tests of 62 samples from unconsolidated 
fresh-water sands ranging in age from early Eocene to Recent showed an average 
value of m equal to 1.55. All samples were obtained as returns from rotary-drilled 
wells and were collected and tested by the authors. The average values of the m 
factor for tested samples of sand from the Tertiary formations of Louisiana 
ranged from 1.52 to 1.61. The m factor for 10 samples from the Wilcox formation 
averaged 1.61; for 13 samples from the Sparta sand, 1.52; for 11 samples from the 
Catahoula and Fleming formations, 1.53; for 7 samples of sand from beds of 
Pliocene and/or Pleistocene age, 1.43; for 19 samples of sand and gravel of upper 
Pleistocene age, 1.65; and for 2 samples from beds of Recent age, 1.59. 

Reference to equation (3) shows that determination of formation-water re- 
sistivity from the electric log requires only a knowledge of the formation factor F. 
This can be determined by electrical test of drill cuttings from the formation in a 
resistivity cell, using an electrolyte of known conductance at constant tempera- 


ture. 


DERIVATION OF HYPOTHETICAL CHEMICAL ANALYSES FROM RESISTIVITY DATA 

Ground waters always contain mineral salts in solution. The electrical resis- 
tivity of an aqueous solution of a mineral salt is a function of ion concentration 
and ion mobility. The mobility of an ion depends upon its molecular weight and 
its electrical charge. The resistivity of a water solution of a single salt varies 
inversely with the concentration of the dissolved solution, provided that the salt 
is completely ionized. 

The resistivity of a solution of two or more salts depends upon the relative 
concentration of each, and upon the tendency of the ions to join to form more 
complex ions having greater mass and less electric charge. 

Below is a table listing some of the compounds generally found dissolved in 
ground waters, followed by their approximate relative specific conductances, 
reciprocal of resistance, as compared to the specific conductance of sodium or 
potassium chloride. 


Relative specific 
Compound conductance 
Sodium or potassium chloride (NaCl or KCl) 1.00 
Sodium or potassium sulfate (Na2SO, or K2SO,) 0.40 
Calcium or magnesium sulfate (CaSO, or MgSO,) 0.32 
Sodium bicarbonate or potassium bicarbonate (NaHCO; or KHCOs) 0.50 


Calcium carbonate or magnesium carbonate (CaCO; or MgCOs) 0.27 
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It is apparent from this table and the graphs shown in Figure 2 that considerable 
error in calculation of dissolved solids of water from resistivity data will result if 
no information is available with regard to the probable nature of the dissolved 
solids. 

Generally ground water from a selected well tapping a single aquifer is nearly 
constant in chemical quality. The chemical constituents bear a rather definite 
relation to the mineral composition, texture, and structure of the aquifer; the 
distance of the well from the outcrop area, where the aquifer is exposed to re- 
charge; and other factors, such as topography and climate, that determine the 


Rw. OHMS M2?2/M AT 25°C 


Dissolved Solids in Parts per Million 


TYPE GuRvES 
CHLORIDE 


aus ——— 
waTURAL WarRQe —-— 
@r0ARsOnATE WaTERS ——— 





Fic. 2. Resistivity change with variation in dissolved solids; type curves. ~ 


rate of movement of the water. Sand aquifers of great areal extent and con- 
tinuity often yield water that has a rather uniform chemical composition or a 
composition that changes uniformly with depth of occurrence or distance from 
the outcrop. 

In most places, though not everywhere, there is a progressive increase with 
depth of occurrence in the amount of dissolved solids in ground water. The water 
from the upper Pleistocene sands of southwest Louisiana is commonly soft, low in 
dissolved solids, and acid in reaction near the outcrop. Down the dip it is hard, 
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contains a higher total of dissolved solids, and is alkaline in reaction. Still farther 
down the dip it is highly mineralized and impotable. The progressive increase in 
dissolved solids down the dip follows a rather systematic pattern with regard to 
changes in chemical composition. This is true of most extensive aquifers, or 
zones of aquifers, in a selected formation. Jt is this systematic change in the 
“family” of ions present, with change in total dissolved solids, that enables inter preta- 
tion of water-resistivity measurements in terms of dissolved solids, and in probable 
concentration of the important chemical constituents. 

Rw. OHMS M2?/M AT 25°C 


Dissolved Solids in Parts per Million 


WATER FROM SPARTA SAND OF EOCENE AGE 
NORTH-CENTRAL LOUISIANA 





Fic. 3. Resistivity change with variation in dissolved solids; water from Sparta sand of Eocene 
age, north-central Louisiana. 


To demonstrate this, curves have been prepared showing the relation between 
the electrical resistivity and the dissolved-solids contents of waters from each 
of the important water-bearing formations of Louisiana. Figures 3, 4, and 5 are 
examples. The curves are not hypothetical, but actual plots based upon chemical 
analyses and electrical-resistance measurements made in the laboratories of the 
U. S. Geological Survey. Curves are based on all analyses of water from the 
selected formations. No analyses were deleted because they did not “‘fit the 
picture.”’ Figure 2 shows curves for three general types of natural waters. The 
wide divergence in the quantity of dissolved solids one might interpret from 
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these curves, with a given resistivity determination, is graphically shown. For 
example, a resistivity of 10 ohm-meters might mean that the water contains 
about 490 parts per million of dissolved solids, if it were a sodium chloride water; 
or the water might contain about 1,115 parts per million of dissolved solids if it 
were a sodium bicarbonate water. An error of this magnitude would place severe 
limitations on the usefulness of the resistivity determination as a key to the 
nature of the water. However, under natural conditions the range of error is 
Rw. OHMS M2/M AT 25°C 


7 
1 


Dissolved Solids in Parts per Million 


WATER FROM SANOS OF PLIOCENE AND/OR LOWER 
PLEISTOCENE AGE, SOUTHERN LOUISIANA 





Fic. 4. Resistivity change with variation in dissolved solids; water from sands of Pliocene 
and/or lower Pleistocene age, southern Louisiana. 


much narrower, for pure sodium bicarbonate or sodium chloride water is almost 
nonexistent. 

It is to be noted that the widest margin of error occurs in the range most 
critical from the standpoint of water usability between dissolved solids contents 
ranging from about 300 to about 2,000 parts per million. A brief review of the 
drinking-water standards of the U. S. Public Health Service, and tables of sug- 
gested water-quality tolerances for selected industrial uses, would demonstrate 
quickly the need for a more accurate interpretive technique. Comparison of 
Figure 2 with Figures 3, 4, and 5 shows the relatively greater accuracy attained 
in making interpretations from curves plotted for each formation, based upon 
analyses of water from that formation. Comparison of the curves for the forma- 
tions, one with the other, shows a remarkable similarity of slope and position, 
and indicates that curve B of Figure 2, for an ‘‘average natural water,” applies 
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quite well for all the important water-bearing formations of Louisiana. . 

Use of the appropriate curve plot to interpret from resistivity data the dis- 
solved solids content of water from a known formation source will give reason- 
ably accurate values. However, the usefulness of a value for dissolved solids alone 
in determining the chemical quality of a water is of limited value in many in- 
stances. The dissolved solids value shouid be interpretable in terms of the concentra- 
tion of each important ion present. To enable the preparation of a hypothetical 


Rw. OHMS M?2/M AT 25°C 


Dissolved Solids in Parts per Million 


WATER FROM SANDS OF UPPER PLEISTOCENE AGE 
SOUTHWESTERN LOUISIANA 





Fic. 5. Resistivity change with variation in dissolved solids; water from sands of 
upper Pleistocene age, south-western Louisiana. 


chemical analysis of water from its electrical resistivity, a further step is required. 
Ion determinations for all available complete analyses of water from wells in 
Louisiana tapping each of the water-bearing formations described above are 
plotted on coordinate paper, with ion concentration, the ordinate and the quantity 
of dissolved solids the abscissa. Analyses of 27 waters were used in the preparation 
of Figure 6, of 39 waters in the preparation of Figure 7, and of 23 waters in the 
preparation of Figure 8. Curves representing the change in concentration of ions 
with increase in the dissolved solids are drawn through the points. Although there 
is a scattering of points, there is an essential regularity to their distribution, and 
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Fic. 6. Ion-concentration change with total dissolved solids; water from Sparta 
sand of Eocene age, north-central Louisiana. 


relatively few points appear erratic. Use of the curves shown in Figures 6, 7, and 
8, permits the derivation of an approximate hypothetical chemical analysis. 

An application of the interpretive method described above will demonstrate 
its usefulness. Let us assume that a sample of water is obtained from each of 
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Fic. 7. Ion-concentration change with total dissolved solids; water from sands of 
Pliocene and/or Pleistocene age, southern Louisiana. 
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Fic. 8 Ion-concentration change with total dissclved solids; water from 
sands of upper Pleistocene age, south-western Louisiana. 


three formations, sample A from an aquifer in the Sparta sand of Eocene age, 
sample B from an aquifer of Pliocene and/or lower Pleistocene age, and sample 
C from an aquifer of upper Pleistocene age. Let us assume further that the elec- 
trical resistivity of all three waters, determined from the electric log by applica- 
tion of the technique described above, is found to be the same; for example, 12 
ohm-meters at 25°C. The quantities of dissolved solids for these waters are ob- 
tained from Figures 3, 4, and 5, and the concentrations of ion constituents from 
Figures 6, 7, and 8. 






APPROXIMATE ANALYSES EXPRESSED AS PARTS PER MILLION 
















Sample 
B 








C 





A 













Dissolved solids 500+ 500 500 — 
Total hardness as CaCO; 20 15 285 







Chloride (Cl) 100 IIO go 
Bicarbonate (HCO;) 250-450 350-450 - 200-500 
Tron, calcium, and magnesium (Fe+Ca+ Mg) 4 7 100 
Sodium and potassium (Na+K) 200 »200 60 











Silica 12 38 75 


The resistivity of water changes markedly with temperature, even within the 
range of temperature at which fresh ground waters occur. Effects of temperature 
changes upon the resistivity of a salt solution are illustrated graphically by 
Figure 9. For each bed under investigation the temperature of the rock materials 
and water in situ must be determined or closely estimated, and the calculated 
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DEGREES F. 
° 32 50 100 150 200 250 300 350 


RESISTIVITY AS COMPARED WITH THAT OF SOLUTION AT 32° F. 





Fic. 9. Resistivity variation with temperature of a salt solution. 


resistivity of the interstitial water at that temperature converted to its value 
at a standard temperature. Established practice is to express water resistivities 
at 25°C. for comparison and interpretation. Figure 10 is a resistivity-correction 
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Fic. 10. Correction factor to convert resistivity at other temperatures to resistivity at 25° Centigrade. 
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chart showing correction factors to apply to convert resistivity of water at other 
temperatures to resistivity at 25°C. 

Values of true resistivity obtained from the electric log must always be cor- 
rected for temperature, because the temperature increases with depth. In the 
Gulf Coast the temperature generally rises about 1°F. for each 70 to 100 feet of 
increase in depth, in the fresh-water section. A plot of points showing the relation 
between depth of aquifer and temperature of its water shows that in southern 
Louisiana, south of the latitude of Alexandria, the gradient is about 1°F. for 
each go to 100 feet of depth. The curve that describes this gradient is based upon 
measurements of water temperature for 71 carefully selected wells ranging in 
depth from less than 100 to about 3,000 feet. Only those wells tapping a single 
aquifer and discharging at a high rate were used for control. A similar plot of the 
depth-temperature relation for 29 wells in central and northern Louisiana, north 
of the latitude of Alexandria, describes a curve showing a gradient of 1°F. for 
each 65 to 70 feet of depth. These wells range in depth from 75 to about 1,300 
feet. 

Both curves described above are slightly concave upward, if plotted in the 
northeast quadrant, with depth the ordinate. The difference in the gradients 
may be attributable to age difference or structural effects. Satisfactory applica- 
tion of the interpretive method based upon resistivity determination in the 
borehole therefore requires a knowledge of the depth-temperature gradient in 
the area under study. 


FIELD APPLICATION OF THE METHOD 


The only formation samples generally available from water wells are drill 
cuttings. If these cuttings are obtained with a cable-tool rig they are likely to be 
representative of the formation penetrated and to give reliable results when 
tested. If the hole is made by hydraulic-rotary drilling much care must be exer- 
cised in their collection, but satisfactory samples can be obtained. The sand 
sample is tested in a resistivity cell similar to that shown in Figure 11. The sand 
sample is rinsed thoroughly in clear water to which a small amount of table salt 
or sodium bicarbonate has been added, two to three ounces in 1o quarts of water. 
Time should be allowed for the sand sample to become thoroughly saturated 
with an excess of test solution, and for the mixture of sand and test solution to 
reach atmospheric temperature. Then the resistivity of excess test solution de- 
canted from the mixture should be measured in the resistivity cell. Immediately 
thereafter the resistivity cell should be filled with sand from the composite sample, 
saturated with test solution. The cup should be rapped with a spatula or similar 
tool to insure close packing of sand grains and the escape of air bubbles. Then 
the resistivity of the saturated sand is determined. From these two readings, Rw, 
resistivity of the interstitial water and Rt, the resistivity of the water-saturated 
sand, the formation factor F can be calculated, as: 


Rt/Rw = 1/P™ = F (v. 117). 
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Several tests of fractions from the same sample will give values whose average 
should be very close to the formation factor of the sand. 

Figure 11 taken from Guyod (1944) shows a bakelite tube five inches long 
and three inches in diameter having two current electrodes and two potential- 
measuring electrodes. C, one of the current electrodes, is a brass plate that forms 
the bottom of the cell. It is press-fitted in the bakelite tube. P; and Pe, the po- 
tential-measuring electrodes, are brass rings set 1 inch apart. They are placed 
between bakelite spacers S, S’, and S’’ in order to insure a uniform diameter 
for the column of water in the vicinity of the potential-measuring electrodes. 
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Fic. 11. Resistivity cell. 


C’, the second current electrode, is a brass plate resting on a brass ring, B. The 
purpose of ring B is to connect C’ to the current source. Plate C’ forms the re- 
movable lid of the cell. Several small overflow holes, H, are provided in this 
plate. B, P:, Pe, and C are electrically connected to terminal posts T, T’, T”’, 
and T’’’, respectively. When the cell is filled with the solution to be tested, C and 
B are connected to a current supply, and the resulting potential difference V 
existing between P; and P2 is measured with a voltmeter. The application of 
Ohm’s law to the section of the circuit between P; and Pe gives: 


V = (Rw)(L)(D)/(A) 


or, 


Rw = (A)(V)/(Z)) 











132 P. H. JONES AND T, B. BUFORD 


where 
Rw=the resistivity of the water (ohm meters), 
V =the potential difference between P; and Pz: (volts), 
I=the current flowing in the cell (amperes), 
A =the inside cross-sectional area of the rings P; and P2 (square meters), 
[=the separation P;, P2 (meters) 

A and L are measured only once; V and J are measured for each sample of 
water. In order to prevent introduction of errors due to polarization, alternating 
current should be used; 60-cycle current is suitable and generally available. 

The wiring diagram, Figure 12, is that of a simple circuit that may be used 
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Fic. 12. Circuit arrangement for measuring resistivity of water and sand 
samples in the resistivity cell. 


with the resistivity cell. The current used should be no more than 50 milliamperes 
and its duration of flow should be restricted to the actual time required for the 
test. Otherwise the sample would be heated and gas bubbles produced. Both 
these phenomena would affect the measurement. The current circuit consists of 
the source GEN, two resistors, Ri and Re, a switch S2, and the two electrodes C 
and C’: The circuit is closed through the water or water-saturated sand con- 
tained in the cell. R; is a variable resistor, and its value is large enough so that 
the current may be adjusted to about 10 milliamperes. The purpose of resistor 
R, is to provide a convenient method for determining the magnitude of the 
current J flowing in the circuit. This is done by measuring the voltage across R2 
and applying with an alternating-current voltmeter V of high internal resistance 
—1,000 ohms per volt, for example. 

The resistivity cell used by the authors was the conventional mud-testing 
unit used by the Schlumberger Well Surveying Corp., which has point-type 
rather than ring-type potential electrodes. Modification of the cell to provide 
ring-type potential electrodes as described above no doubt would have given 
more consistent resistivity data for repeat tests of the same sands. Also, a larger 
cell would give better results—for best results the cell should contain perhaps 
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two to three quarts of test sample. Experiments should be conducted to deter- 
mine the most satisfactory size. In the following pages the test procedure and 
interpretive method are applied to aquifers that occur in three of the principal 
water-bearing units of Louisiana. 


EXAMPLE 1. SPARTA SAND (EOCENE) 








Hole diameter: 6.25 inches 

Mud nature: Natural 

Mud weight: 12 Ibs/gal 

Mud viscosity: 35 sec 

Mud resistivity: 7.0 ohm-meters at 50°F. 
Total depth of hold: g91 feet 
Bottom-hole temperature: 80°F. 


USGS No. Na-57 
Natchitoches, La. 
December 11, 1943 


Electrode separation for curves: 
AM=1o0 inches 
AM’ = 309 inches 





Self-potential (millivolts) Resistivity—ohms/mm? 
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Data from electric log 





Thickness of aquifer= 57 feet 

Electrode spacing AM’=3.25 feet 

True resistivity of aquifer (by graphic solution) = 26 ohms/m?m= Rt 
Temperature of aquifer = 76°F. 





Data from formation samples 





Resistivity-cell test results 








Sample depth Porosity 
(feet) (per cent) Formation factor ae factor 
m 
556-567 Ar: 3 4.05 1.61 
567-577 41.1 4-45 1.57 
577-588 41.8 4-47 1.67 
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Mechanical analyses of sand fractions 
(per cent of sample retained, by weight) 








e.g 8-4 4-2 2-1 I-O0.5  0.5-0.25 0©.25-0.12 0.12-0.06 Uniformity 
(fee t) mm mm mm mm mm mm mm coefficient 

545-556 0.17 1.38 20.95 73-72 3-78 

556-567 .07 .30 12.80 82.31 4.52 1.92 

567-577 .05 .46 24-43 72.54 2.52 2.53 

577-588 .03 16 31.52 64.46 3.83 2.41 

588-503 oat 44.02 44.83 10.04 

593-595 .09 1.64 50.64 36.48 IE.IS 





Quality-of-water determination 





As Rt=FRw (equation (3) p. 117) 
Rw=Rt/F  Rw=26/4.32 (av.)=6.01 ohms/m’m at 76°F. 
76°F. = 24.44°C. 
To correct Rw at 24.44°C. to Rw at 25°C. (standard temperature) : 
From chart, figure 10, correction factor is 0.98. 
6.01 X0.98 = 5.88 ohms; m?m at standard temperature. 
The graph, Figure 3, indicates that water from the Sparta sand with a resistivity of 5.88 ohms/m?m 
has a dissolved-solids total of about 920 parts per million. 
The graphs on Figure 6 enable preparation of a hypothetical chemical analysis of the water. Following 
is the hypothetical analysis, together with the actual chemical analysis of formational water 


from a well tapping the sand. 


Chemical analyses of water 
(expressed as parts per million except Rw) 


Hypothetical Actual 
Silica (SiOz) 20 — 
Calcium (Ca)-+magnesium (Mg)+iron (Fe) 20 5 
Sodium (Na)-+-potassium (K) 360 321 
Bicarbonate (HCO;) 350-790 262 
Chloride (Cl) 290 347 
Total hardness as CaCO; 14 12 
Dissolved solids 920 818 
Rw, ohms/m?m at 25°C. 5.88 5.46 


Porosity determination 
(from electric log and water analysis) 


Rt= Rw/P™ (equation (1), p. 117) 
Physical conditions for aquifer, in situ: 
(1) Convert Rw of formational water at standard temperature to Rw of water in situ (24.44°C.) 
5.46 (from lab. analysis) /o.98 (from corr. chart, Fig. 10) =5.58 ohms/m?m = Rw 
(2) Rt=26 ohms/m?m 
(3) Cementation factor m, average for Sparta sands (p. 122) =1.52 
Then 26=5.58/P!-8, or P! 8=5.58/26=0.214 
1.52 
P=V/0.214; log P=log 0.214/1.52=9.03304—10/1.52 
=9.3639—10 
P=antilog 9.3639—10= 23.11%; laboratory value= 41.4 
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EXAMPLE 2. SAND OF PLIOCENE AND/OR PLEISTOCENE AGE 








Hole diameter: 12 inches USGS No. Ev-142 

Mud nature: Magcogel, clay Mamou, La. 

Mud weight: 12 Ibs/gal May 11, 1948 

Mud viscosity: 60 sec 

Mud resistivity: 6.5 ohm-meters at 85°F. Electrode separation for curves: 
AM= 16 inches 


Total depth of hole: 1,002 feet 
Bottom-hole temperature: 95°F. (?) 


Self-potential (millivolts) Resistivity—ohms/mm? 
~ 10 12 14 16 18 20 4053 


AM’=64 inches 


i i i 1 l AL 





54§ 





563° 














Data from the electric log 





Thickness of aquifer = 32 feet 

Electrode spacing AM’=5.3 feet 

True resistivity of aquifer (by graphic solution) =53 ohms/m?m= Rt 
Temperature of aquifer = 75°F. 





Data from formation samples 





Resistivity-cell test results 




















Sample depth Porosity 

(feet) (per cent) Formation factor Cementation factor 

(m) 

510-545 38.2 4.06 1.54 

545-563 36.4 4-35 1.56 

Mechanical analyses of sand fractions 
(per cent of sample retained, by weight) 
yo a" 8-4 4-2 a-I I-O.5  0.5-0.25 0.25-0.12 0.12-0.06 Uniformity 
(feet) mm mm mm mm mm mm mm coefficient 
510-545 0.04 0.44 45.87 51.73 1.92 


545-563 0.80 <5 10.43 71.63 16.57 .46 
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Quality-of-water determination 





As Rt=FRw (equation (3) p. 117) 
Rw=Rt/F Rw=53/4.20=12.62 ohms/m?m at 75°F. 
75°F. =23.89°C. 
To correct Rw at 23.89°C. to Rw at 25°C. (standard temperature) : 
From chart, Figure 10, correction factor is 0.97 
12.62 X0.97=12.24 ohms/m?m at standard temperature. 
The graph, in Figure 4, indicates that water from sands of Pliocene and/or lower Pleistocene age with 
a resistivity of 12.24 ohms/m?m has a dissolved-solids total of about 485 parts per million. 
The graphs in Figure 7 enable preparation of a hypothetical chemical analysis of the water. Following 
is the hypothetical analysis, together with the actual chemical analysis of formational water from 


a well tapping the sand. 


Chemical analyses of water 
(expressed as parts per million except Rw) 


Hypothetical Actual 


Silica (SiOz) 28 25.7 
Calcium (Ca)+magnesium (Mg)+iron (Fe) 7 4.3 
Sodium (Na)-+potassium (K) 195 175 
Bicarbonate (HCOs;) 310-370 366 
Chloride (Cl) 105 45 
Total hardness as CaCO; 16 I1.5 
Dissolved solids 485 682 
Rw, ohms/m?m at 25°C. 12.24 —_ 


Porosity determination 
(from electric log and water analysis) 


Rt= Rw/P™ (equation (2), p. 117) 
Physical conditions of aquifer, in situ: 
(1) Convert Rw of formational water at standard temperature to Rw of water in situ (23.89°C.). 
(Rw not determined for this sample: use total dissolved solids of 682 and chart, Figure 4, to 
get Rw of 8.8 ohms/m?2m 
8.8/0.97 (from corr. chart, Fig. 10) =9.07 ohms/m?m = Rw 
(2) Rt=53 ohms/m?m 
(3) Cementation factor m, average for sands of Pliocene and/or lower Pleistocene age (p. 122) 


=1.43 
Then 53=9.07/P!-48, or P!48=09.07/53=0.1711 
1.43 
P= 0.1711; log P=log 0.1711/1.43 =9.02332—10/1.43 
=6.3100—6.993 
=9.3170—10 
P=antilog 9.3170—10= 20.75%; laboratory value= 37.3 
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EXAMPLE 3. SAND OF UPPER PLEISTOCENE AGE 








Hole diameter: 5.5 inches USGS No. JD-224 

Mud nature: Natural Pine Island, La. 

Mud weight: ? May 15, 1946 

Mud viscosity: ? 

Mud resistivity: 8.3 ohm-meters at 67°F. Electrode separation for curves: 

Total depth of hole: 757 feet AM =16 inches 

Bottom-hole temperature: 76°F. (est.) AM’=63 inches 
Self-potential (millivolts) Resistivity—ohms/mm? 


—4+ 


20 40 100 131 160 200 





579 





Z 





612 

















Data from electric log 





Thickness of aquifer = 40 feet 

Electrode spacing AM’=5.25 feet 

True resistivity of aquifer (by graphic solution) = 131 ohms/m?m= Rt 
Temperature of aquifer = 74°F. 





Data from formation samples 





Resistivity-cell test results 

















Sample depth Porosity 
eet er cent ormation factor ementation factor 
(feet) (per cent) Formation f c ion f 
(F) (m) 
555-602 33.76 3.10 1.02 
602-647 35-70 3.62 1.28 
Mechanical analyses of sand fractions 
(per cent of sample retained, by weight) 
ac 8-4 4-2 2-1 I-0.5 0.§-0.25 0.25-0.12 0.12-0.06 Uniformity 
(f et) mm mm mm mm mm mm mm coefficient 
579-602 12.56 17-37 36.72 29.11 1.68 2.56 
602-612 .87 14.32 EFs57 29.95 32.70 4-51 .08 
612-622 6.31 27.85 43-79 17.39 4.66 
622-647 13.84 19.18 31.35 38.52 3.80 ~<SE 
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Quality-of-water determination 





As Rt=FRw (equation (3) p. 117) 
Rw=Rt/F Rw= erfesbashes ohms/m?m at 74°F. 
74°F .= 23.33°C. 
To correct Rw at 23.33°C. to Rw at 25°C. (standard temperature): 
From chart, Figure 10, correction factor is 0.96 
38.98 X0.96 = 37.42 ohms/m?m at standard temperature. 
The graph, in Figure 5, indicates that water from the sands and gravels of Pleistocene age with a 
resistivity of 37.42 ohms/m?m has a dissolved-solids total of about 180 parts per million. 
The graphs in Figure 8 enable preparation of a hypothetical chemical analysis of the water. Following 
is the hypothetical analysis, together with the actual chemical analysis of formational water 


from a well tapping the sand. 


Chemical analyses of water 
(expressed as parts per million except Rw) 


Hy pothetical Actual 
Silica (SiO2) 42 39 
Calcium (Ca)-++magnesium (Mg)-+iron (Fe) 30 28.7 
Sodium (Na)+potassium (K) 30 42 
Bicarbonate (HCOs) 135 122 
Chloride (Cl) ; 15 36 
Total hardness as CaCO; 62 69 
Dissolved solids 180 214 
Rw, ohms/m?m at 25°C. 37.42 25.64 


Porosity determination 
(from electric log and water analysis) 


Rt=Rw/P™ (equation (1), p. 117) 
Physical conditions for aquifer, in situ: 
(1) Convert Rw of formation water at standard temperature to Rw of water in situ (23.33°C.) 
25.64 (from lab. analysis/o.96 (from corr. chart, fig. 10) = 26.71 ohms/m?m = Rw 
(2) Rt=131 ohms/m?m 
(3) Cementation factor m, average for sands and gravels of the Prairie formation of Pleistocene 
age (p. 12) =1.65 
Then 131=26.71/P!-®, or P!-= 26.71/131 =0.2039 
1.65 
P=/0.2039; log P=log 0.2039/1.65 =9.03094—10/1.65 
= 5.4733 —6.0606 
=9.4127—10 
P=antilog 9.4127—10= 25.87%; laboratory value= 34.73 





SUMMARY AND CONCLUSIONS 


Electrical tests of formation samples obtained from granular aquifers by 
hydraulic-rotary drilling give resistivity data sufficiently accurate to enable 
calculation of the formation factor and cementation factor. Water quality in 
granular aquifers of great areal extent is sufficiently constant in its gradation 
’ in quality and electrical resistivity to enable preparation of a type curve for 
each aquifer or zone of aquifers. An approximate hypothetical analysis using 
this type curve can be derived from a single water-resistivity value, obtainable 
from the electric log and the formation-sample test. 

Analytical study of the electrical technique, applied to ground water, has 
been possible on a regional basis for only a few years. Data that will make the 
technique increasingly useful are accumulating rapidly, and this report is in- 
tended not as a final pronouncement upon the utility of the method, but as a 





So, | i | 
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spur to its application. Extensive laboratory study of formation samples, cut- 
tings and cores, thorough statistical analysis of quality-of-water records, and 
preparation of detailed maps showing textural changes, structural conditions, 
and directions and rates of ground-water flow are only a few of the projects that 
must be accomplished before the electrical technique can be perfected and 
applied with confidence by the ground-water hydrologist. 
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INDEX OF WELLS SHOT FOR VELOCITY* 
(Third Supplement) 


B. G. SWANt 


ABSTRACT 


Information is listed on 498 well velocity surveys not previously reported in the three earlier 
publishings of the Index. Most of these are new surveys shot since the fall of 1948. Corrections and 
additional information on surveys previously listed are also given. 


INTRODUCTION 


This is the third supplement to the original “‘Index of Wells Shot For Velocity,” 
published in the October 1944 issue of Geophysics. Its publication is of course 
possible only through the cooperation of the geophysical industry as a whole, 
and the Editors of Geophysics wish to thank those individuals and companies for 
the time and effort expended in supplying the writer with the requested data. 

The first portion of this supplement shows surveys not previously reported 
in any of the previous editions. Most of these are surveys shot since the fall of 
1948. In the latter portion, corrections and additional information on previously 
listed surveys are shown in italics. In all, 498 new surveys are listed. One new 
abbreviation appears in the ‘Shot by” column. ‘‘DEC” denotes Delta Explora- 
tion Company. 

It should be noted that the heading for the ‘‘Depth” column has been changed 
to “‘Survey Depth.” This has been done to clarify the intended meaning of this 
column. The figures shown are supposed to indicate the maximum depth of 
usable information obtained in the velocity survey. 

The writer is grateful to Mrs. Evelyn Ledeker, who did all the detail work 
necessary in the preparation of this supplement. 

* Manuscript received by the Editor October 12, 1950 


t Continental Oil Co., Ponca City, Oklahoma, serving as special editor to compile and revise 
this index. 
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_ PATENTS 
O. F. RITZMANN* 


GRAVIMETRIC PROSPECTING 
U.S. No. 2,523,075. R. C. Sweet. Iss. 9/19/50. App. 4/30/46. Assign. North American Geophysical Co. 


Gravimeter. A gravimeter having a horizontal beam whose outer end is supported by a zero-length 
spring at an acute angle to the beam and with the other end of the beam supported by horizontal 
wires, nulling being accomplished by vertical adjustment imparted to the effective horizontal axis 
of the beam by means of an auxiliary spring. 


MAGNETIC PROSPECTING 
U.S. Ser. No. 571,484. C. M. Woodruff and B. L. Griffing. Publ. 8/22/50. App. 1/5/45. 
Magnetometer. An electron beam deflection type of magnetometer using a barrier and a narrow 
slit in front of a dynode electrode in an oscillating circuit-whose amplitude of oscillation is observed. 
U.S. No. 2,518,513. R. D. Wyckoff. Iss. 8/15/50. App. 7/5/45. Assign. Gulf Research & Develop- 
ment Co. 


Method and Apparatus for Measuring Magnetic Fields. A gyro-stabilized total-field magnetometer 
having on its outer frame flux-valve-controlled air jets which impinge on the gyro case to cause it to 
precess into the correct orientation and in which the flux-valves are sequentially excited. 


U. S. No. 2,519,094. T. Zuschlag. Iss. 8/15/50. App. 10/30/45. Assign. Lundberg Explorations Ltd. 


Apparatus for Detecting Magnetic Disturbances. A magnetic gradiometer having spaced, rigidly- 
connected, rotating coils connected to transformers whose secondaries are in opposition and their 
difference voltage analyzed with a variometer, potentiometer and c-r oscilloscope. 


U.S. No. 2,520,677. R. E. Fearon. Iss. 8/29/50. App. 6/19/46. Assign. Stanolind Oil and Gas Co. 


Magnetic Gradient Measurement. A flux-valve gradiometer having spaced cores each of which is 
excited at two frequencies and whose secondaries are connected in opposition and a modulation 
component indicated. 

SEISMOGRAPH PROSPECTING 
U.S. No. 2,513,314. J. E. Hawkins. Iss. 7/4/50. App. 10/9/47. Assign. Seismograph Service Corp. 


Geophysical Prospecting System. A seismograph prospecting system in which positions are deter- 
mined by radio and the indications of the radio position determining apparatus are recorded on the 
seismograph tape simultaneously with the shot. 

U.S. No. 2,513,319. J. E. Hawkins. Iss. 7/4/50. App. 9/22/48. Assign. Seismograph Service Corp. 


Geophysical Prospecting System. A seismograph prospecting system in which the elevation of 
stations is determined by radio and the indications of the elevation indicating apparatus are recorded 
on the seismograph tape simultaneously with the shot. 


U.S. No. 2,515,456. G. B. Loper. Iss. 7/18/50. App. 3/20/46. Assign. Socony-Vacuum Oil Co., Inc. 


M odulation-Free Gain Control System. An avc system using an electron-beam tube with a signal 
grid between a beam-forming cathode and the anode, and with beam-deflecting electrodes between the 
cathode and the grid which deflect the beam away from the grid. 


* Gulf Oil Corporation, Patent Department. 
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U.S. No. 2,516,041. A. J. Abrams. Iss. 7/18/50. App. 3/26/46. Assign. Socony-Vacuum Oil Co., Inc. 
Shothole Water Seal. A water seal for a seismograph shot hole having an expansible canvas bag 


on the lower end of a tubular container into which the explosive and water tamping is placed, the 
canvas bag being held folded in a collapsed form by bands which disintegrate when wet. 


U.S. No. 2,521,130. S. A. Scherbatskoy. Iss. 9/5/50. App. 6/10/43. 

Seismic Exploration by Means of Periodic Excitation. A variable-frequency continuous-wave 
seismic testing system using a sharply-tuned filter in the recording circuit and with the frequency of 
the earth vibrator and the tuning of the filter simultaneously adjusted by a single control. 


U.S. No. 2,522,433. R. S. Dahlberg, Jr. Iss. 9/12/50. App. 10/24/57. Assign. Standard Oil Develop- 
ment Co. 

Seismic Wave Transmitter. An acoustic logging or interval velocity logging apparatus having an 
electromagnetic vibrator at one end of a long rod and a geophone at the other, the driving frequency 
being continuously varied and observing the difference between the driving frequency and all fre- 
quencies picked up by the geophone. 

WELL LOGGING 
U.S. No. 2,515,500. R. E. Fearon, J. M. Thayer and G. Swift. Iss. 7/18/50. App. 6/23/48. Assign. 

Well Surveys, Inc. 

Method and Apparatus for Producing Neutron Logs of Drill Holes. A neutron logging apparatus 
using a gamma-ray-free source of neutrons and a gamma-ray detector spaced from the neutron 
source, all exposed surfaces of the detector being made of a material which does not emit heavy par- 
ticles when bombarded with neutrons. 


U. S. No. 2,515,501. R. E. Fearon, J. M. Thayer and G. Swift. Iss. 7/18/50. App. 6/29/48. Assign. 
Well Surveys, Inc. 
Neutron Well Logging. A neutron logging method in which the neutron source and gamma-ray 
detector are spaced a distance which is less than the average range of neutrons in the type of forma- 
tion being logged. 


U.S. No. 2,515,502. R. E. Fearon, J. M. Thayer and G. Swift. Iss. 7/18/50. App. 7/10/48. Assign. 

Well Surveys, Inc. 

Neutron Well Logging. A neutron logging system whose source is a neutron emitter bombarded 
from a short-lived alpha rayer which is in secular equilibrium with a long-lived parent member of a 
radioactive series which is gamma-ray free, and in which the induced gamma-ray activity of the for- 
mations is indicated. 


U.S. No. 2,515,534. J. M. Thayer, R. E. Fearon and G. Swift. Iss. 7/18/50. App. 6/23/48. Assign. 

Well Surveys, Inc. 

Method and Apparatus for Producing Neutron Logs of Drill Holes. A method of neutron logging 
in which a gamma-ray-free source of fast neutrons is used with the borehole fluid replaced by carbon 
disulfide and gamma-rays from neutron-induced processes in the formations detected by an ionization 
chamber spaced from the neutron source. 


U.S. No. 2,515,535. J. M. Thayer, G. Swift and R. E. Fearon. Iss. 7/18/50. App. 7/10/48. Assign. 
Well Surveys, Inc. 
Method and Apparatus for Neutron Well Logging. A neutron logging apparatus using a neutron 
source and a gamma-ray detector having an ionizable gas and with all exposed surfaces of the detector 
made of a material which does not emit heavy particles when bombarded by neutrons from the 


source in the apparatus. 
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U.S. No. 2,515,745. G. Swift. R. E. Fearon and J. M. Thayer. Iss. 7/18/50. App. 4/8/49. Assign. 
Well Surveys, Inc. 
Neutron Log. A neutron logging system using two sources and two detectors, one source pro- 
ducing neutrons and gamma rays and the second source producing only gamma-rays of the same 
energy as those of the first source, and recording the difference between the detector signals. 


U.S. No. 2,517,455. H. C. Waters. Iss. 8/1/50. App. 12/26/44. Assign. Halliburton Oil Well Cement- 
ing Co. 

Temperature Recorder. A temperature logging apparatus using a resistance thermometer in a 500- 
cycle bridge circuit in the well apparatus with the unbalance fed back up the cable as d-c, the well 
apparatus also having a 60-cycle operated stepping switch so that remote operations may be made 
with the bridge for zero setting, scale value, and calibration. 


U.S. No. 2,517,603. D. Silverman. Iss. 8/8/50. App. 4/12/45. Assign. Stanolind Oil and Gas Co. 
Fluid Ingress Well Logging. A method of permeability logging in which the motion of a water-oil 


interface is followed by an electrical-conductivity detector as oil is pumped into the well or as the 
pressure is oscillated. 


U.S. No. 2,522,433. R. S. Dahlberg, Jr. Iss. 9/12/50. App. 10/24/47. Assign. Standard Oil Develop- 
ment Co. 


Seismic Wave Transmitter. (See abstract under Seismograph Prospecting.) 


MISCELLANEOUS 
U.S. No. 2,513,314. J. E. Hawkins. Iss. 7/4/50. App. 10/9/47. Assign. Seismograph Service Corp. 
Geophysical Prospecting System. (See abstract under Seismograph Prospecting.) 


U. S. No. 2,513,315. J. E. Hawkins. Iss. 7/4/ 50. App. 10/9/47. Assign. Seismograph Service Corp. 

Radio Position Determining System. A phase-comparison type of radio position-determining 
system using three spaced transmitters which radiate modulated carrier waves and receivers which 
indicate the phase of the modulation wave system and of the carrier wave system. 


U.S. No. 2,513,316. J. E. Hawkins. Iss. 7/4/50. App. 10/9/47. Assign. Seismograph Service Corp. 

Radio Survey System. A phase-comparison type of radio position-determining system using three 
spaced transmitters whose carriers are combined in a link unit which retransmits a combination wave 
with which phase synchronization may be established at the receiver. 


U. S. No. 2,513,317. J. E. Hawkins and R. S. Finn. Iss. 7/4/50. App. 10/9/47. Assign. Seismograph 

Service Corp. 

Radio Position Determining System. A phase-comparison type of radio position-determining sys- 
tem using three spaced transmitters one of which alternately radiates two frequencies which are 
received at the other two transmitters where they are respectively combined with the signal from the 
remaining transmitter. 


U.S. No. 2,513,318. J. E. Hawkins and B. W. Koeppel. Iss. 7/4/50. App. 8/5/48. Assign. Seismograph 

Service Corp. 

Radio Position Finding System. A phase-comparison type of radio position-determining system 
using three spaced transmitters one of which alternately radiates two frequencies which are received 
at the other two transmitters where they are respectively combined with the signal from the remain- 
ing transmitter, all signals being received at the mobile station where they are reduced to the same 
amplitudes and the phase compared. 
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U.S. No. 2,513,319. J. E. Hawkins. Iss. 7/4/50. App. 9/22/48. Assign. Seismograph Service Corp. 
Geophysical Prospecting System. (See abstract under Seismograph Prospecting.) 


U. S. No. 2,513,320. J. E. Hawkins. Iss. 7/4/50. App. 9/22/48. Assign. Seismograph Service Corp. 


Radio Position Determining System. A phase-comparison type of radio elevation-determining 
system using two vertically-spaced transmitters each of which combines the signals from three broad- 
cast transmitters and reradiates a combination signal with all signals picked up by the mobile re- 
ceiver and the phases compared. 


U.S. No. 2,513,321. J. E. Hawkins. Iss. 7/4/50. App. 11/27/48. Assign. Seismograph Service Corp. 


Radio Location System. A radio position-determining system using three spaced transmitters 
which radiate pulse-modulated carriers and in which the mobile receiver is located by a combination 
of pulse travel time comparison and by phase comparison of the carriers. 


U.S. No. 2,513,322. J. E. Hawkins. Iss. 7/4/50. App. 11/27/48. Assign. Seismograph Service Corp. 


Radio Location System. A pulse-transit-time type of radio position-determining system using 
three spaced pulse-modulated transmitters one of which alternately radiates two frequencies which 
are received at the other two transmitters and combined with the signal from the remaining trans- 
mitter, all signals being received at the mobile station and their transit times compared. 


SELECTED LIST OF U. S. PATENTS ISSUED DURING THE THIRD QUARTER OF 1950. 















Patent No. Subject Patent No. Subject Patent No. Subject 
2,513,269 484 2,513,683 224 2,514,907 148 
2,513,202 312 2513570 180 2,514,909 308 
2,513,205 448 2,513,745 132 2,514,924 316 
2,513,314° 312, 360 2,513,805 308 2,515,031 484 
2,513,315° 312 2,513,818 140 2,515,034 332 
2,513,316" 312 2,513,849 316 2,515,039 12 
2,513,317° 312 2,513,962 316 2,515,154 484 
2,513,,318° 312 2,513,988 16 2,515,190 224 
2,513,3109° 312, 360 2,514,080 12 2,515,199 16 
2,513320" 312 2,514,081 484 2,515,200 16 
2,513,321* 312 2,514,106 460 2,515,238 136 
2,513,322 312 2,514,135 308 2,515,332 316 
2,513,329 180 2,514,250 16 2,515,446 484 
2,513,340 16 2,514,355 44 2,515,456" 372 
2,513,356 308 2,514,369 468 2,515,464 312 
2,513,367 460 2,514,379 484 2,515,472 12, 436 
2,513,388 88 2,514,434 32 2,515, 500° 304 
2,513,390 16 2,514,482 140 2,515,501° 304 
2,513,398 392 2,514,492 180 2,515,502" 304 
2,513,423 224 2,514,500 180 2,515,534" 304 
2,513,478 316 2,514,541 16 2,515,535° 304 
2,513,528 312 2,514,577 224 2,515,745° 304 
2,513,531 136 2,514,578 224 2,515,762 420 
2,513,616 224 2,514,633 324 2,515,780 136 
2,513,617 224 2,514,677 316 2,515,785 : 484 
2,513,653 224 2,514,690 168, 252 2,515,791 484 









® Abstracted on preceding pages of this issue. 














Patent No. 
2,515,867 
2,515,888 
2,515,957 
2,515,969 
2,516,015 
2,516,041° 
2,516,188 
2,516,334 
2,516,335 
2,516,421 
2,516,452 
2,516,596 
2,516,639 
2,516,672 
2,516,704 
2,516,873 
2,516,919 
2,516,982 
2,517,038 
2,557, Fat 
2,517,138 
2,517,404 
2,517,440 
2,517,455° 
2,517,469 
2,517,540 
2,517,560 
2,517, 003° 
2, 557052 
2,517,628 
2,517,629 
2,517,659 
2,517,702 
2,517,763 
2,517,819 
2,517,975 
2,518,117 
2,518,149 
2,518,151 
2,518,258 
2, 815), 315 
21a, 427 
2,518,348 
2,518,484 
2,518, 513° 
2,518,540 
2,518,556 
2,518,663 
2,518,797 
2,518,805 


Subject 
288 
68 


484 
180 


524 
384 
276 
308 
76 
92 
200 
200 
16 
460 
288 
460 
484 
108 
288 
420 
484 
308 
324, 224 
452 
308 
316 
48 
276 
180 
460 
372 
324 
196 
136 
12 
232 
224 
148 
16 
216 
12 
308 
496 
200 
232 
288 
224 
44 
68, 148 
484 





PATENTS 


Patent No. 
2,518,861 
2,518,968 
2,518,093 
2,519,007 
2,519,015 
2,519,017 
2,519 ,094* 
2,519,180 
2,519,185 
2,519,223 
2,519,245 
2,519,262 
2,519,312 
2,519,360 
2,519,366 
2,519,367 
2,519,378 
2,519,395 
2,519,397 
2,519,416 
2,519,418 
2,519,421 
2,519,422 
2,519,591 
2,519,592 
2,519,619 
2,519,660 
2,519,689 
2,519,725 
2,519,807 
2,519,810 
2,519,861 
2,519,864 
2,519,898 
2,519,916 
2,520,044 
2,520,050 
2,520,058 


S.N. 571, 484° 


2,520,166 
2,520,167 
2,520,394 
2,520,428 
2,520,517 
2,520,553 
2,520,595 
2,520,603 
2,520,640 
2,520,646 
2,520,677" 


Subject 
484 
316 
484 
308 
16 
316 
132 
68 
484 
68 
224 
68 
224 
484 
316 
140 
496 
228 
316 
148 
316 
288, 136 
16 
160 
224 
12 
324 
160 
224 
288 
484 
92 
308 
108 
484 
76 
224 
88 
232 
316 
316 
188 
68 
92 
316, 16 
312 
308 
484 
484 
232 


Patent No. 
2,520,693 
2,520,812 
2,520,869 
2,520,876 
2,520,922 
2,520,923 
2,520,938 
2,521,041 
2,521,079 
2,521, 130% 
2,521,136 
2,521,204 
2,521,315 
2,521,329 
2,521,332 
2,521,401 
2,521,531 
2,521,623 
2,521,634 
2,521,642 
2,521,656 
2,521,661 


S.N. 708, 342 


2,521,784 
2,521,787 
2,521,788 
2,521,804 
2,521,881 
2,521,886 
2,521,895 
2,521 9905 
2,521,918 
2,521,976 
2,522,045 
2,522,078 
2,522,099 
2,522,117 
2,522,240 
2,522,266 
2,522,307 
2,522,399 
2,522,433° 
2, S22, 52% 
2,922,522 
2,522,530 
2,522,574 
2,522,665 
2,522,848 
2,522,859 
2,522,863 


1$7 


Subject 
316 
484 
148 

92 

16 
428 
484 
168 
88, 276 
360, 76 
484 
520 
308 
484 
524 
484 
148 
224 

12, 168 
484 
308 
484 
140 
148 

68 

68 
316 

12 


104 
428 


92 
92 
324 
484 
428 
324 
484 
316 
80 

8,360 
484 
304 
484 
148 
224 
104 
484 
316 
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2,522,870 
2,522,877 
2,522,880 
2,522,902 
2,522,924 
2,522,927 
2,522,988 


Patent No. 


Subject 


484 
484 
316 
308 
140,12 
140 
200 


PATENTS 


Patent No. 
2,523,075° 
2,523,288 
2,523,295 
2,523,341 
2,523,464 
2,523,474 
2,523,515 


Subject 
180 
316 
312 
484 
428 

4 
484 


Patent No. 


2,523,576 
2,523,775 
2,523,779 
2,523,802 
2,523,858 
2,523,866 
2,523,895 
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224 
484 
308 
484 
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312 
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Outline of Radio, Television and Radar by R. S. Elven et al., Chemical Publishing Company, Brooklyn, 
New York, 1950. $12.00. 688 pp. 


This book is the joint product of eight British authors. The preface states, “The object of the 
present book is to provide a readable and up-to-date outline of the principles upon which the whole 
science of radio is based; to show how the necessary components of a radio circuit are designed to 
fulfill the theoretical requirements; and to deal with radio-frequency amplification, detection, the 
principles of superheterodyne receivers, automatic volume control, low-frequency amplification, and 
the output side. 

“The special technique which is necessary when working with short and ultra-short waves is 
fully described, as are also television, radio direction finding, and radar.” 

This objective is fully attained. The treatment is essentially non-mathematical throughout. 
However, even though the tone is elementary, advanced topics are covered in an adequate manner. 
The first five chapters, requiring only knowledge which is possessed by even the non-technical reader, 
cover the nature, production, use and measurement of electricity and radio waves. The next five 
cover components, discussing their theory and practical construction. The next ten chapters give a 
clear picture of vacuum tubes and the related circuits in radio receivers, including batteries, loud- 
speakers, microphones and phonograph pickups. Then follow a chapter on short wave technique, 
three on television and two on radio direction-finding and radar. 

Since this book is intended as an outline, the expert will find nothing new in his own field. The 
novice will, however, find it helpful and readable. Even the expert may enjoy some of the skilled 
explanations. The British origin of the material is obvious in the terminology, the choice of illustrative 
materials and in some techniques, such as the reversed sign of video modulation in TV leading to the 
use of the “black spotter.” It is doubtful whether any of these deviations from American practice 


will confuse any reader. 
W. M. Rust, Jr. 


Humble Oil & Refg. Co. 


La Prospection Geophysique, by Louis Cagniard, Presses Universitaires de France, Paris, 200 pp» 

(1950). 

Of all the books on geophysical prospecting that have appeared since the birth of the art, this 
200-page French monograph is the first to have been written primarily for the non-technical reader. 
Neither a text-book nor a treatise, this book is designed to serve as an introduction to the subject 
for “all those, such as miners, geologists, oil men, engineers, and investors who need to have an over-all 
view of the services that geophysical prospecting can and should render.” It is also intended for stu- 
dents or future students who are considering geophysics as a career as well as for any one who has 
a particular interest in “discovering things that are concealed.” 

An audience this diversified imposes drastic limitations upon the mathematical level at which 
such a subject can be treated. The author, although a distinguished French applied mathematician, 
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meets this difficulty by omitting all mathematics except for a very few equations. He remarks in the 
preface that his mathematician friends will probably reproach him for trying to do in words what 
can be done much more briefly and precisely by mathematical formulas. “I hope,” he goes on to say, 
“that these same mathematicians will pardon me when they note the pains I have taken to explain 
the fundamental principles of petroleum geology to them in language which may appear too simple 
to the professional geologist.” 

The book consists of six chapters. The first is a general discussion of geophysical prospecting. 
The next four are devoted, respectively, to the gravitational, magnetic, electrical and seismic methods. 
The last chapter takes up various less established prospecting techniques such as the thermal, radio- 
active, geochemical and geobiological. Of the chapters dealing with single geophysical methods, the 
longest (41 pages) is on gravity while the shortest (23 pages) is on magnetic prospecting. In spite of 
this brevity, Cagniard manages to give a surprisingly complete discussion of each method, covering 
basic theory (to the extent that he can without using much mathematics), instrumentation, field pro- 
cedure, interpretation, and applications. 

Cagniard’s treatment of geophysical prospecting shows bim to have a more thorough practical 
and up-to-date knowledge of all its branches than one person is usually able to acquire in the present 
age of specialization. In spite of this, he has a tendency to dwell excessively on more or less abstract 
matters having little direct connection with prospecting. His gravity chapter, for example, begins 
with a long discussion of fixed vs. moving axes, inertial vs. gravitational forces as illustrated by 
d’Alembert’s equation, and other topics which require more background in analytical dynamics than 
the average reader for whom the book is intended is likely to have. In this connection, there is some 
doubt in the reviewer’s mind whether a book devised for the non-technical reader should make use of 
vector notation and calculus in the few instances where mathematical formulas are presented. Perhaps 
the educated layman in France is more likely to have studied these subjects at school than his counter- 
part in this country. 

The book has few diagrams or illustrations and no references whatsoever. The omission of a bibli- 
ography is somewhat deplorable in a book of this type since many readers after being introduced 
to the subject might wish to pursue some phases of it further. 

The best part of the book is the introductory chapter. This is essentially an essay on the phi- 
losophy of geophysical prospecting, with many thought-provoking epigrams that the professional 
geophysicist should find particularly stimulating. The author, for example, makes contemptuous 
reference here to geophysicists, particularly “authors of treatises on prospecting who have never 
prospected for anything not in a library,” who catalogue the anomalies to be expected from bodies 
having a great number of simple geometrical forms and who try to interpret a// anomalies observed 
in the field by reference to their catalogue. He discusses at some length the differences between pros- 
pecting for oil and prospecting for minerals. Much of the difference, he points out, is in attitude 
and approach, both of which are based on economic considerations. Remarking that the best field 
magnetometers have not been appreciably improved in precision since 1918, he points out that “if 
the geophysicist had decided to attack the problem of the (magnetic) variometer seriously, if he had 
applied to this only a part of the zeal which was consecrated to the perfection of the gravimeter, 
there is no doubt that the sensitivity of this apparatus would very soon have been multiplied by a 
factor of ten and the possibility of using the magnetic method for mineral prospecting would have 
increased a hundredfold.” 

It is hoped that Cagniard’s little book will be translated into English. It should benefit not only 
the non-specialists for whom he expressly wrote it, but should be valuable as a review and source 
of new ideas to practitioners of the art as well. " 

Mitton B. Dosrin 


Prospection Geophysique, by Edmond Rothé et J. P. Rothé, Tome 1, Gauthier-Villars, Paris, 1950. 


This volume supplements an earlier book of Edmond Rothé: Les Methods de Prospection du Sous- 
Sol, and covers developments in applied geophysics since 1930. Volume 1 treats seismic methods and 
radioactive methods by ionization techniques. Volume 2 will be devoted to gravimetric, magnetic, 
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electrical, and geothermal methods. Each method of prospecting is presented in two chapters, one 
developing pertinent theory and describing apparatus, the other giving detailed examples of appli- 
cations taken from actual field investigations. . 

Seismic methods are described in a chapter which covers 136 pages. The sections on refraction 
are brief, being devoted mainly to curved ray paths and dipping beds. Most of the developments 
in seismic prospecting since 1930 have been in reflection techniques, which are adequately covered in 
the greater part of the chapter. A novel feature is a section on amplitudes applying formulae used in 
earthquake seismology. A large section is devoted to a description of apparatus, including a complete 
discussion of the theory of the recording system from pick-up through amplifier to galvanometer. 
Little material on actual field procedure, such as criteria for determining detector spread, use of mul- 
tiple detectors, etc. is presented. 

The chapter on applications of the seismic method is a unique feature of the volume. In 145 
pages the authors give case histories illustrating typical applications of seismic methods in the 
United States and in Europe. Several sections are devot d to examples of applications to structural 
research, glacial investigations, and suboceanic studies. - 

The chapter on radioactive methods by ionization techniques discusses in 104 pages methods of 
prospecting, laboratory measurements, apparatus, and includes many tables and graphs. Geological 
applications of radioactive methods are described in a concluding chapter of 146 pages. Studies of 
faults, stratigraphic correlations, and prospecting for contact zones and veins are discussed. Particu- 
lar emphasis is on the researches of the late senior author and his collaborators. Only a brief section 
of 7 pages is devoted to radioactivity well logging. 

Prospection Geophysique is particularly suited for use as a supplementary textbook. It differs 
from existing books in English in that a large proportion of the text is devoted to examples or case 
histories from commercial exploration and geological research in the United States and Europe. An 
extensive bibliography covering material published through 1949 follows each section and should be 
particularly useful. 

FRANK PRESS 
Lamont Geoglogical Observatory 
Columbia University 


Subsurface Geologic Methods, 2nd Edition, Compiled and Edited by L. W. Leroy, Colorado School 
of Mines, 1950, 1156 pages. 


The first edition to this compendium was reviewed in some detail in the January 1950 issue of 
Geophysics and the statements made there also apply essentially to the second edition. However, the 
present edition has been enlarged by over 300 pages and contains considerable additional information 
in many of its diversified sections, as well as including several new sections on such subjects as Second- 
ary Recovery Methods, Evaluation of Petroleum Properties, Geochemical Methods, Micrologging, 
Drill Stem Testing, Mud Chemistry, Cementing Problems, Acidization, Shale Density Analysis, and 
Graphic Methods in Mining. In addition, a series of questions at the end of each chapter has been 
added as an instructional aid, and an index is now included. 

It is impossible to describe the entire gamut of subsurface geologic and associated methods with 
any degree of detail or completeness even ina volume of over 1,000 pages. However, this book repre- 
sents an important contribution to the field because it presents, between two covers, at least the 
nomenclature and high lights of the diversified methods and techniques used in the exploration for 
and the production of oil. Perhaps one of the chief values of such a book lies in the ability of someone 
familiar in great detail with one or more of the various phases of subsurface geologic and allied tech- 
niques to become familiar with at least the terminology and some of the fundamentals of other phases 
of knowledge in this broad subject. The reviewer is somewhat surprised by the omission of the periodi- 
cal Geophysics from the group of allied periodicals listed in the preface to this book, particularly when 
the large majority of the references and illustrations in the section entitled “Subsurface Methods as 
Applied in Geophysics” is taken from Geophysics. 

R. A. GEYER 
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Gerlands Beitriége zur Geophysik, Band 61, Heft 2 (1949) and Heft 3 (1950), Leipzig. 


After an interruption of many years caused by war and postwar conditions in Germany, Ger- 
lands Beitrige zur Geophysik, long recognized as one of the world’s foremost geophysical journals, 
has resumed publication. The first two issues to appear since its rebirth have reached this country, 
but copies are hard to obtain because of presently restricted exchange of literature with the Russian 
zone of Germany, where it is edited and published. 

According to a note by the editor, R. Bock, on the first page of the first postwar number, this is 
the only journal in Germany currently devoted to geophysics. For this reason several changes in 
policy are announced. Papers are solicited in applied as well as in pure geophysics. In addition to 
original scientific papers, less formal communications will also be published. In this way, the editor 
hopes to make the contents more “lively” than heretofore. 

Papers in these two issues are concerned both with pure and applied geophysics, the majority 
belonging to the former classification. Most of the applied papers are mathematical and are concerned 
with gravity effects from bodies of various shapes. Others deal with the torsion balance data and with 
the theory of electromagnetic prospecting. It would be interesting to know whether the dearth of more 
up-to-date subject matter pertaining to geophysical prospecting signifies a lack of interest and activity 
or simply an unwillingness to publish on the part of those sponsoring whatever geophysical work is 
going on in the Russian zone. 

Mitton B. Dosrin 


On the Isostatic Structure of the Earth’s Crust, By W. Heiskanen. Publication of the Isotatic Institute 
of the International Association of Geodesy, No. 24. (Reprinted from the Annales Academiae 
Scientiarum Fennicae, Ser. A, III, Geologica-Geographica, 22). 


W. Heiskanen is Director of the Isostatic Institute at Helsinki, and this publication “contains 
the principal part of . . . ‘Report on Isostasy,’ written for the Oslo General Assembly of IUGG in 
1948.” Nine subjects are covered in this report. These are: 


a“ 
a 
~ 


. The usual reduction methods of the gravity values. 

. The standard reduction. 

. The isostatic reduction maps. 

. The geological correction of the gravity anomalies. 

. Some studies of the gravity formula. 

. The geoid studies. 

. The gravimetric method for computing the deflections of vertical. 
. The isostatic reductions of the gravity values. 

9. The isostatic study of some interesting regions.” 


Ont AM PW WD 


Some of the material covered in this report has necessarily been published elsewhere, especially “The 
isostatic study of some interesting regions.” The subjects previously discussed are not referred to in 
this review, only new ones being covered here. 

Under the heading, “The usual reduction methods of the gravity values,” the reader discovers 
that there is much doubt about the isostatic, geological and indirect-effect reductions. One can readily 
understand Heiskanen’s concern with the whole question of isostasy when students of the calibre of 
Jeffreys consider isostasy as fictitious. Heiskanen, however, clearly illustrates the need for making 
this reduction. Among the points he makes are: 

(1) This reduction alone eliminated the general presence of negative Bouguer values in moun- 
tainous areas and positive values of the ocean basins. 

(2) Use of isostatically corrected values of the deflections of the vertical has resulted in a good 
value for the figure of the earth. 

(3) The isostatic reduction eliminates to a large degree the errors caused by choosing the wrong 
value for the density of the surface rocks in making the Bouguer reduction. Choice of the correct 
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density value is quite controversial. H. S. Washington arrived at a figure of 2.79. The most commonly 
used figure of 2.67 is, on the contrary, too large, according to Bullard. The geological correction 
discussed subsequently is actually an attempt to correct for an erroneous density. 

Some geodesists propose that even the Bouguer reduction is not necessary because of isostatic 
compensation. They recommend only a free air reduction, which is saying, essentially, that the iso- 
sta ic depth of compensation is zero. This method is at best applicable, however, only in level areas 
where the isostatic correction is smooth and small. In conclusion, therefore, Heiskanen proposes that 
the Airy system of isostatic compensation be universally adopted, utilizing a depth of 30 km. and a 
density contrast of 0.6 between crustal and subcrustal materials. 

The correction for the indirect-effect is the one for reducing to a compensated geoid, and its values 
range from +10.3 to —3.4 mgal. Heiskanen concludes, however, that this whole question is “in the 
air,” after studying the views of leading geodesists such as Lambert, Vening-Meinesz and Lejay, 
who seemingly cannot agree on whether or not compensating masses need themselves to be compen- 
sated. 

The geological correction is brought to the fore by the work of Woollard in the Rocky Mountains 
and the work of Evans in Burma. This particular correction seems, to the reviewer, to be somewhat 
paradoxical. It is almost a question of how to interpret a “regional residual” anomaly, if a phrase 
may be coined. That is to say, if in the course of gravitational studies on a nation-wide or continental 
scale one is left with a residue which he cannot explain away by means of the usual reductions, he 
then looks to the local geological conditions to see if therein lies an explanation. For example, a thick 
section of light sedimentary deposits in a basin might account for a negative residue. So the geological 
correction is actually an attempt to explain away a residue in terms of known abnormal geological 
conditions or to suggest that such conditions might be present if they are not heretofore known. 
In either case, especially the latter, the so-called correction might better be termed a “solution.” 

It is of interest to note that Heiskanen gives his approval to the International Formula as devised 
in 1930. The one possibility of drastically changing the formula is that of setting it on an entirely new 
datum. All evidence accumulated so far suggests that the Potsdam datum is too high by about 15 
mgs. Morelli, Jeffreys, Berroth, and Woollard arrived at a correction of this magnitude. Woollard’s 
conclusion is based on his world-wide airplane journeys during which he endeavored to tie together 
all the major pendulum values of the globe. Heiskanen gives full appreciation to Woollard’s efforts 
and suggests, as a further continuation of this work, that similar loops be made in Europe, North 
America, South America and Southeast Asia, employing two or more gravimeters. 

NELSON C,. STEENLAND 


“Eszkéz a foldi m4gneses ter gradiensének meghatarozaséra.”” (“An instrument for the determina- 
tion of the gradient of the earth’s magnetic field”) by Erné Acs. Féldméréstani Kizlemények (Geo- 
detic Publication, previously: Communication of the Hungarian State Survey) Vol. II, pp. 24-34. 


In the first part of this article the author shows that the accuracy of the commonly used field 
magnetometers is not sufficient to detect relatively small ore bodies which are of economical impor- 
tance in Hungary. As an increase in the accuracy of the magnetometer would not be practical, a new 
kind of instrument should be devised, the accuracy to be a few magnitudes higher than that of the 
magnetometer, the data measured with it to be free of diurnal variations and to furnish a better pic- 
ture of the structure of the magnetic field. The author believes that these aims may be fulfilled by an 
instrument measuring the gradient of the magnetic field. This instrument can be highly sensitive; the 
diurnal variations do not affect the magnetic gradient; and a small number of gradient values ob- 
served in limited space (such as in mines) can be interpreted more efficiently than the same number 
of magnetic intensity values. 

In the second and third parts the principles are given of an instrument for measuring the gradient 
of the earth’s magnetic field. It is assumed that the earth’s magnetic field changes linearly within 
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the instrument. A plane figure circuit is rotated around an axis normal to this plane. It is shown that 
under the above conditions the electromotive force 


2-1(LF a OZ =) 
ax dt — d$ 





where ¢ is the magnetic flux through the area f of the plane figure, Z the component of the magnetic 
field intensity normal to the plane of the circuit, x, y- coordinates of the center of the plane figure, 
and ¢ is time. (0Z/dx-dx,/dt and 8Z/dy-dy./dt are scalar products of vectors.) Consequently, know- - 
ing the velocity of the center of the circuit and measuring the induced electro-motive force, compo- 
nents of the magnetic gradient, in the plane of the circuit can be determined. By making observations 
in three different planes the values of 

2. OX _ oY ox OZ oY ae. OZ 0Z ox oY 
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and thus the magnetic gradient can be computed from the measured data. 

Two semicircular conductors can be used, one end of each connected, the other ends attached to 
connectors mounted on the axis passing through the center of the circle containing the two semi- 
circles. The voltage induced in these semicircles when rotated, is measured in the instances when the 
connectors alternately touch the end posts placed in directions forming a right angle at the axis. 
The output voltage can be amplified and measured with an accuracy of 1X10~’ volts which corre- 
sponds to an accuracy of about 17/km (107° oersteds/cm) with an instrument of practical dimen- 
sions (radius of semicircle 30 cm, number of turns 10, 6000 rpm). 

The author seems to be unaware of the fact that surface effects may cause irregularities in the 
gradient which are a few orders of magnitude greater than the intended accuracy of the instru- 
ment. Because measuring the voltages obtained through connections of very short duration between 
the connectors mounted on the axis and the end posts is subject to errors, it is suggested that the 
two semicircle conductors be replaced by an aluminum disc with two semicircles cut out of it (actually 
a ring with a connection along a diameter); and the electromotive force be measured by the induction 
in coils placed parallel to this revolving disc. Self inductance and mutual inductance should be con- 
sidered. After writing the article the author built an experimental model which proved the practi- 
cability of measuring the electromotive force by induction in the revolving double semicircle. 

The fourth part of the article deals with the possible sources of error and the author concludes 
that the only serious problem to be considered is the inaccuracy in the orientation of the individual 
windings of the coil with respect to the axis and the changes in the orientation of the same during the 
observations due to mechanical forces created by the rotation. 

RAout VAjK 
Standard Oil Co., (N.J.) 


‘The Elevation Correction of Anomalies,” by L. Egyed. Féldtani Kézlény, vol. 79, nos. 1-4, pp. 94-111 
(1949). In English with Hungarian abstract. 


The subtitle is “The Determination of Vertical Gradient of Anomalies by Means of Gravity 
Meter and Torsion Balance Measurements”; this describes this paper accurately. The purpose of 
computing the vertical gradient effect for gravity anomalies is to use it to correct these anomalies 
down to a reference level (such as sea level). This type of correction may be important in questions 
of isostasy or other large scale geologic problems. 

For flat areas the author presents a simple expression for the change in the vertical gradient be- 
tween two points; this uses the derivatives of the torsion balance curvature components along two 
perpendicular axes in the horizontal plane. The formulas used come from a paper by T. Olczak, “The 
Measurements with the Eétvés Torsion Balance and the Problem of Determining the Higher Normal 
Derivatives of the External Gravity Potential” (in Polish with an English abstract, Inst. Géol. de 
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Pologne, Bull 45 Série Géoph., Warsaw, 1948). To determine the absolute value of the vertical gradient, 
the author presents a method which uses gravimeter as well as torsion balance data. This will not be 
discussed here since, with the declining use of the torsion balance, the details would interest only a 
few who undoubtedly would consult the original paper. 

If a good gravimeter survey is available, the reviewer believes that the most practical raethod of 
transferring a gravity anomaly to a lower level is the continuation downwa.d process given in the 
recent paper of Leo J. Peters, “The Direct Approach to Magnetic Interpretation and its Practical 
Application,” Geophysics, 14, pp. 290-320, July, 1949. However, it is gratifying to notice the increas- 
ing interest in the computation of higher derivatives of the gravity potential as evidenced by this 
paper and also by the recent one of B. F. J. Kunz, “Die Bestimmung des Vertikalen Schweregradi- 
enten,” Osterreichisches Ingenieur-Archiv, 2, pp. 1-17, 1947, which describes closely related work. 

Tuomas A. ELKINS 
Gulf Research & Development Company 


“The Experimental Determination of the Geomagnetic Radial Variation,” By S. K. Runcorn, A. C. 
Benson, and A. F. Moore. The Philosophical Magazine, Vol. 41, 7th Ser., No. 319, pp. 783-791, 
(August, 1950.) 

Two types of theories have been advanced to account for the dipole components of the geomag- 
netic field. One type has been designated the Distributed Theory and stems from the fact that the 
“axial dipole component . . . might be a fundamental property of any rotating spherical mass.’”’ The 
second, the Core Theory, has been developed from a “flow of electric currents . . . confined to the 
deep interior of the earth.” 

The designations themselves intimate that the two types have anomalous radial components. 
Runcorn and Chapman, in 1948, calculated “the differences ((A Z, AH) between the vertical and hori- 
zontal field components (Zz and H2 respectively) at a small depth ‘d’ below the earth’s surface and the 
vertical and horizontal components (Zo and Ho respectively) at the surface. They showed that 
though for a Core Theory, if R is the radius of the earth, 


AZ = Za — Zo = + (3.0d/R) Zo 
and 
AH = Ha — Ho = + (3.0d/R) Ho 
a Distributed Theory, assuming the density of the surface rocks is 2.7, gives 
AZ = Za — Zo = + (3.0d/R) Zo 
AH = Ha — Ho = — (6.5d/R) Ho- ++” 


The authors present their attempts at obtaining experimental] data on geomagnetic radial vari- 
tion. Data were obtained by measuring the vertical and horizontal components in three mine shafts 
where the value of d was of the order of 3,000 feet. The results are repeated below. 














‘ Theoretical 
Thegeagers Experimental i ar anes 
; AZ AH A 
Both Theories Core Dist. 
+16* +11+3 +6 —13 +22+2 
+109 +113 +8 —16 4 9f0 
+18 +1843 +7 = a5 +10+3 





* Values in gammas. ‘‘+-” denotes increase with depth. 


The tabulated results obviously favor the Core Theory, if only because no negative AH’s are observed. 
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An investigation of this type must necessarily account for radial variations arising from other 
sources, primarily those originating from local magnetic anomalies and those from the experimental 
techniques. Unfortunately, this particular report omits the detailed experimental results which are 
to be reported elsewhere. These aspects are discussed, however. 

First of all, the investigations were conducted where the basement rock was at a depth of 8,000 
feet. Thus the large basement effects were smoothed. The sedimentary section was sampled and sus- 
ceptibilities measured. These were somewhat high for sediments, ranging from 11.7X10-* to 
69.7 X 107%, 

The vertical and horizontal components were surveyed on the surface. Linear surface gradients 
of these components were derived from the maps and used to determine the radial correction for base- 
ment anomalies. The corrections, not tabulated, were described as “small.” Linear gradients have 
commonly been found to be closer to fiction than fact even with a buried basement. The linear por- 
tion of a basement anomaly ordinarily extends over a horizontal distance having a magnitude of the 
depth of burial, 8,o00 feet in this case. A more practical method for determining the variation of an 
anomaly with depth would be the continuation process, especially if the sediments were less suscep- 
tible than in this case and therefore more reasonably neglected. 

The sedimentary effect was computed for the various beds, whose horizontal extent was unknown. 
Two effects were calculated, a “maximum” (18 gammas for 4,000 feet) and an “average” (6 gammas 
for 4,000 feet). The average effect was considered “more realistic” although it hardly seems so when 
defined as “‘an average value . . . produced by beds of all sizes up to a certain arbitrary maximum.” 

The instruments used were LaCour’s magnetometric zero balance and his quartz horizontal 
magnetometer. Measurements were stated to be accurate to one gamma. The systems had tempera- 
ture coefficients of 10 gammas per degree C, so careful work was mandatory to say the least. 

Careful analysis of the omitted detailed results would be needed before these data could be ac- 
cepted. Meanwhile, consideration may be given toward carrying on these experiments under more 
favorable conditions. A deep borehole together with a fluxgate magnetometer would possibly have 
the advantages of greater d values, a continuous and more accurate record, a deeper basement, a sedi- 
mentary section with the susceptibility less than 107*, and much less artificial interference than 
is usually encountered in a mining area. 

NELSON C, STEENLAND 


“Comparison of Field and Laboratory Measurements of Seismic Velocities in Sedimentary Rock” 
by Charles W. Oliphant, Bull. Geol. Soc. Am., Vol. 61, pp. 759-787 (1950). 


During the past two decades geophysicists endeavoring to identify rock materials within and 
beneath the earth’s crust on the basis of seismic velocities observed in the field have turned increas- 
ingly to laboratory measurements of rock velocities. By comparing speeds of different rock samples 
determined in the laboratory at pressures and temperatures corresponding to various depths within 
the earth with speeds calculated for the same depths from earthquake and quarry blast seismograms, 
they have arrived at some plausible inferences regarding the constitution of deep crustal and sub- 
crustal layers. This work has of course involved igneous rocks almost entirely. The purpose of Oli- 
phant’s research, carried on under the auspices of Harvard University, was to apply the same method 
to the investigation and identification of near surface sedimentary rocks. As a test of its applicability, 
experiments were conducted on the same rock material in the field and in the laboratory. 

The author first measured longitudinal and transverse velocities of seismic waves from shot-hole 
explosions in some shallow formations in Osage County, Oklahoma, using standard refraction tech- 
niques. He obtained core samples from several of the formations, all limestones, and measured their 
longitudinal and transverse velocities with apparatus previously used by Birch for measurements 
mainly on igneous and metamorphic rocks. Significant differences were found between results in the 
field and in the laboratory. 

Longitudinal speeds were obtained with little difficulty from first arrival times of waves traveling 
vertically up boreholes, to a depth of 3,700 feet, and horizontally along refraction paths. Transverse 
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events could not be identified at all on the records of the uphole shots and could be recognized only 
with difficulty on the traces from the horizontal profile. Criteria were developed for picking first 
shear arrivals on the latter records. These were based on theoretically determined relations between 
the three components of motion recorded on separate traces. 

The near-surface geologic section could for purposes of seismic interpretation be treated as three 
layers of distinct seismic speed separated by horizontal discontinuities. The deepest layer penetrated 
by the refracted waves was the high-speed Neva limestone, whose top occurred at about a 240-foot 
depth. The comparisons between velocities determined in the field and in the laboratory were con- 
fined principally to the consolidated Neva limestone. 

In the laboratory tests core samples from one of the shot holes were set into forced vibration at 
continuously varying frequency until resonance was noted, the velocity being calculated readily 
from the resonant frequency. The apparatus was so designed that it could produce either longitudinal 
or torsional vibration, the former giving compressional speed, the latter, transverse speed. An effort 
was made to correct the results to the pressure, temperature, and water content of the Neva limestone 
in place. 

A bimodal distribution of compressional and shear velocities was obtained from the laboratory 
measurements on 17 test specimens of Neva limestone. It suggested that the formation comprises two 
types of thin alternating layers about a foot thick. Some question may arise as to the reliability of 
such an apparent distribution based on so few samples. The fact that the transverse velocity in the 
field agrees with the laboratory value for one type while the longitudinal velocity agrees with that for 
the other suggests to the author that the two waves took different paths and that the excessively low 
Poisson’s ratio calculated from the field data has no significance. The results illustrate the difficulty 
to be expected in correlating field and laboratory measurements of elastic properties even in well 
consolidated sedimentary rocks. The limitations of this technique as an aid in identification are thus 
pointed out. 

An interesting by-product of the investigation was the conclusion that SH type transverse waves 
are not generated at the shot but result from partial transformation of longitudinal waves at the 
irregular base of the weathered zone. 

Oliphant’s experiments provide some valuable data on the relation between the “microscopic” 
and “macroscopic” elastic behavior of sedimentary rocks. A few minor points in his paper appear 
questionable. The response curve for the seismograph shows a peculiar discontinuity in slope at about 
three cycles which if real might cause some distortion in the recorded surface waves. The five-figure 
precision in horizontal speeds indicated on the cross sections could not have been justified by the data, 
even though the speeds were obtained as least-squares solutions. The surface waves shown in the 
sample records were interesting and exhibited dispersive characteristics that, if analyzed, might have 
cast additional light on the shear velocities in the surface layer and substratum. Further experiments 
of this type comparing field and laboratory results for other sedimentary formations and other sub- 
surface geometries should go far toward giving fundamental information on seismic wave propagation 


that might be of benefit in seismic prospecting. 
Mitton B. Dosrin 


“Variation of Elastic Moduli of Igneous Rocks with Pressure and Temperature” by D. S. Hughes and 
H. J. Jones, Bull. Geol. Soc. Am., Vol. 61, pp. 843-856 (1950) 


The standard technique for measuring the seismic speeds of rock samples in the laboratory has 
been to set the sample into forced vibration and determine the frequency at which resonance is 
observed. This procedure was employed in the study of sedimentary rocks discussed in the preceding 
review. The method breaks down, however, when one attempts to measure longitudinal velocities 
under confining pressure, and transverse speeds can be obtained only with difficulty. The present 
paper describes a more direct method for measuring both kinds of velocity using recently developed 
microwave pulsing techniques. This method appears to lend itself much more readily to work at 
elevated pressures than does the indirect resonance method. 
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The technique consists of applying a high amplitude (800 volt) pulse over a tenth of a microsecond 
interval to a quartz driving crystal at one end of a rock cylinder two to four inches inches long and 
to receive the pulse with a similar crystal at the other end. The travel time is measured with an ac- 
curacy of five hundredths of a microsecond by a cathode ray oscilloscope with circular sweep. Addi- 
tional pulses can be identified which have traveled obliquely across the sample at transverse speed 
and the travel time for these also makes it possible to compute transverse velocities. The sample and 
crystals can be subjected to hydrostatic pressure up to about 1050 kg/cm? and to temperatures as 
high as 150 C. Thus conditions corresponding to a depth as great as 4000 meters can be reproduced. 

Using this equipment, the authors obtained data on the elastic properties of five types of rock: 
granite, andesite, quartz monzonite, diorite, and norite. Longitudinal and shear velocities were 
obtained for these over a pressure range of from 35-1022 kg/cm? and at temperatures between 30- 
158 C. The effect of fluid penetration was investigated by comparing speeds for samples jacketed in 
copper foil with those for corresponding samples in direct contact with the oil at elevated pressures. 
The enclosed samples show rapid increase of velocity with pressure at lower pressures, the rate taper- 
ing sharply at pressures above 500 kg/cm?. The open samples show a much slower, more uniform 
increase over the entire pressure range. Penetration of fluid into the rock in the latter case prevents 
the closing up of pore spaces that occurs when the jacketed sample is subjected to pressure. 

The authors state that they have begun to study velocities in sedimentary rocks with the same 
type of apparatus in the same pressure range. It is interesting to observe that Oliphant (see previous 
review) investigated the applicability of similar equipment at Bell Telephone Laboratories for meas- 
uring the velocities in his Neva limestone samples as well as some specimens of Quincy granite. A pro- 
hibitive amount of attenuation was encountered when wave lengths approached the grain size of the 
rock; and lower frequencies were recommended for coarse-grained sedimentary rocks than would 
ordinarily be used for igneous specimens. Reports on this more recent phase of the work should be 
particularly interesting to those working in applied geophysics. 






Mitton B. Dosrin 


“Shooting Oil and Gas Wells,” by B. F. Grant, W. S. Duvall, L. Obert, R. L. Rough, and T. C. Atchi- 
son, Oil and Gas Journal, Vol. 49, No. 4, pp. 65-73 (1950). 





This paper describes current research by the U. S. Bureau of Mines correlating the strain waves 
produced in rock by explosions in shallow drill holes, the change in fluid conductivity around the shot 
holes, and the physical properties of the rock. The results presented do not establish a correlation 
between shot characteristics and fluid conductivity, serving rather as a basis for future experiments. 
However, the strain wave forms themselves should be of interest to anyone working with small ex- 
plosions in the ground. . 

As a part of the investigation, physical properties of the rocks were measured using cores from 
the site of the explosive tests. This combination of wave form studies and adequate elastic informa- 
tion is all too rarely found, and it is hoped that further publications of this nature will be forthcoming 

The radial strain wave forms consist of a rapid rise to a peak of compressive strain, followed by 
a tensional strain of smaller magnitude and longer duration. Change in wave form with distance shows 
reduction in high-frequency content. The peak compressive strain was found empirically to give an 
approximate fit to the following relation: 

















e = k(WH8/D) 





where 











€=maximum compressive strain in micro-inches per inch 
k=12,000 

W =charge size in pounds 

D=distance from shot in feet 

n=5/2 








No physical basis was given for using a relation of this form. A plausible alternative is: 
e = ke“ 4D/D 
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It is felt that the scatter in the experimental points would permit fitting the data to this relation by 
suitable choice of k and A. 

The authors appreciate the equal usefulness of measuring pressure or particle motion rather than 
strain even though their experiments with the former type of measurement were unsuccessful. Two 
curves are included showing very poor results when accelerometers were used to detect the wave. 
These results do not indicate a basic limitation of motion-sensitive devices, and the ease with which 
such detectors can be planted in drill holes is a strong point in their favor. Strain gauges must be 
cemented to cores which then must be re-cemented in the drill holes, a laborious and apparently 
a somewhat uncertain process. Two reports on this general program have been issued in Bureau of 
Mines Reports of Investigations 4581 and 4683, which are highly recommended as extensions of the 
article reviewed here. 

J. E. WHITE 
Magnolia Petroleum Co. 


“Velocidad Aparente de Propagation de las Ondas Sismicas Longitudinales” (Apparent Velocity of 
Propagation of Longitudinal Seismic Waves) by Juan M. Lopez de Azcona, Travaux Scientifiques, 
Serie A, Fasicule 17, Publication du Bureau Central Seismologique International, pp. 17-56 (1950) 


This article is based on almost 20 years of refraction seismograph shooting by the Geophysical 
Section of the Spanish Government’s Mining and Geological Institute. The 496 kilometers of line 
appear to be well scattered throughout the geologic section encountered in Spain. The velocities 
which have been measured are the horizontal velocities, the author mentions no well shooting which 
would give the vertical velocities needed for reflection depth computation. The equipment used con- 
sisted of two sets of seismographs; one was manufactured by Ambronn, the other, of the Mintrop 
type, by Askania. 

Although only conventional refraction shooting was used in the field work, the author claims that 
he has measured horizontal velocities of low velocity beds normally lying below higher velocity beds. 
On almost all of the prospects, velocity values are given for marl, shale, and sand beds lying below 
limestone, salt, or anhydrite. It is presumed that the entire section was outcropping in the area, and 
that lines were so located as to find the low velocity sections where they appear on the surface. 

The extreme variability of horizontal velocities is pointed out and reasons are given why this should 
be the case. Radical examples are given of how much the apparent velocity changes between up-dip 
and down-dip shooting along the same formation. One point would be rather surprising if it can be 
confirmed. Lopez de Azcona maintains that if a thin, normally low velocity bed is sandwiched between 
two thick high velocity layers, the thin bed will give a refraction event having a lower than normal 
apparent velocity. Conversely, a thin high velocity bed sandwiched between two thick low velocity 
layers will give arrivals having a higher than normal apparent velocity. Several cases are cited in 
support of this claim. No records are shown, however, that illustrate this effect nor is there any spe- 
cific account of how the apparent velocity is associated with the bed in question. 

In addition to the velocities of various specific stratigraphic columns throughout Spain, the 
maximum range of velocity for each type of strata within each of the major geologic periods and 
epochs is listed. The generally accepted notion that of two apparently similar strata the older will 
give the higher velocity is confirmed. It would be interesting to learn more about the system of 
computation used by Lopez de Azcona, especially how he correlated the various refraction events 
on his time-distance curves with the sequence of subsurface strata. 

H. H. Frost 
Magnolia Petroleum Co. 


“Geological Imagination in the interpretation of Geophysical Data,” by R. Clare Coffin, Quarterly of 
the Colorado School of Mines, Vol. 45, No. 4A, pp. 11-40, October 1949. 


This article, published a year ago, has escaped this reviewer’s notice until now. The content is 
factual enough, the ideas stimulating , and style sufficiently pleasant to warrant a tardy review. The 
theme of the article has often been repeated. It may be greatly paraphrased as a reminder that geo- 
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physical data is a reflection of geological conditions, that the data’s inapplicability is the result of 
inabilities in interpretation, and that interpretational powers need to be augmented. The theme is 
developed by means of examples in interpretation. Two seismic sections are presented first, each 
with and without the addition of geologic interpretation. The sections are complex and the demands 
on the resourcefulness of the geologist are apparent when the geology is added. 

The gravity data illustrate the range of interpretational possibilities offered by both residual and 
regional data. The use of accessory magnetic data in resolving ambiguous gravitational data is inter- 
esting. Two local gravity features are-several miles apart and seemingly arise from density con- 
trasts at 3-4,000 feet. The southern feature also has a counterpart in a local magnetic anomaly and 
“|. . speculation would suggest that the pre-Cambrian was much deeper” in the north. “Explora- 
tion has proved the existence of structures at both locations and the pre-Cambrian . . . 3,500. feet 
deeper” in the north. 

The theme becomes slightly distorted into a defense for the potential methods, quite naturally so 
as these methods permit greater latitude in interpretation than seismic data. But these aspects should 
not condemn the methods. They should challenge geophysicists and geologists alike to a greater un- 


derstanding of potential data by dint of greater ability and imagination on their part. 
NELSON C, STEENLAND 
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Marion Thomas Friday (O. C. Clifford, Jr., C. H. Hightower, A. E. McKay) 
Oscar John Kastner, Jr. (W. O. Bazhaw, James R. New, C. D. Roemer) 
Francis Richard Klima (Flint H. Agee, Edw. G. Schempf, L. K. Morris) 
William Kopka (M. A. Boccalery, B. B. Strange, Thomas P. Maroney) 
Sammy G. Manos (W. A. Meszaros, R. B. Ross, Robert C. Heron) 

James Gerard Miller (R. L. Lay, W. L. Irwin, F. R. Coryn) 

James Robert Pace (Kenneth E. Burg, Gordon D. Cloepfil, V. W. Teufel) 
Robert Jay Purdy (C. M. Ross, F. W. Borman, Andrew Gilmour) 

Lorne Herbert Reed (L. I. Brockway, R. J. Copeland, S. G. Pearson) 

Glenn Robertson (F. Goldstone, R. D. Miller, T. S. Edrington) 

Frederick Eugene Schultz (A. G. Starr, J. W. Bolinger, S. A. Teasley) 
Arnold MacLean Tibbetts (Wayne Denning, Nash H. Miller, John C. Hoffman) 
Pieter Vermeulen (Oscar Weiss, John Berning, B. C. Alberts) 

Walter A. Ver Wiebe (Paul Weaver, L. L. Nettleton, W. E. Pratt) 

William M. Walkup (C. H. Green, K. E. Burg, A. E. Storm) 

Raymond William Western (A. W. Speckels, J. M. Van Tuyl, W. S. Levings) 
Ocie Geron Williams (Lee B. Park, Hugh McCain, Jr., C. H. Hightower) 


TRANSFER TO ASSOCIATE 


Graham Clifford Alvey (J. H. Hodgson, P. P. Gaby) 

Charles Andrew Arsenault (S. B. Stewart, Donald C. Crary, R. F. Bennett) 
Kevin Michael Barry (J. B. Macelwane, Florence Robertson, W. A. Meszaros) 
Robert Hugh Bixby (H. R. Prescott, E. L. Mount, A. I. Levorsen) 

Leonard Stanier Collett (A. A. Brant, J. H. Hodgson, E. A. Hodgson) 

Robert Clyde Cowles (F. Goldstone, Florence Robertson, Victor J. Blum) 
Howard Wesley Green (F. J. Agnich, Earl Thomas, H. E. Stommel) 

Robert Joseph Koenig (L. G. Ellis, W. E. Hollingsworth, L. W. Konz) 

Ward Townsend Langstroth (R. D. Holland, F. R. Coryn, Roy L. Lay) 
Darragh Hawthorne McFadden, Jr. (L. G. Ellis, W. E. Hollingsworth, Leo W. Kgnz) 
Calvin Floyd Neill (R. M. Bradley, W. T. Lea, R. E. Butler) 

Kenneth Lewis Parker (J. F. Freel, R. B. Briggs, C. H. Broussard) 

John Henry Ratcliffe (E. W. Westrick, James A. Affleck, T. J. O’Donnell) 
George Shor, Jr. (F. F. Reynolds, R. R. Rosenkrans, John D. Marr) 

Robert James Uffen (J. H. Hodgson, Howard McCurry, Weston Bourret) 
Leonard A. Woker (V. J. Blum, M. L. Benke, W. H. Gibson) 


REINSTATEMENT TO ACTIVE 
Gwendolyn Peabody Lockett 


RESIGNATION 
Thomas J. Countis, Student Beverly W. Robinson, Student 
Donald R. Martin, Student Saul Stimler, Associate 
David S. Muzzey, Jr., Active Gertrude’R. Whiting, Associate 


Douglas M. Pogue, Student 
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ADDITIONAL APPLICATIONS APPROVED FOR PUBLICATION 
ACTIVE 


Fritz Rudolf Beer (Nat Prade, Peter Stoutjesdyk, Harry Pearson) 

William Wallace Bingham (Leo J. Peters, Ralph B. Ross) 

Paul Blevins (Fisher Reynolds, John D. Marr, H. C. Smith) 

Richard McDonald Davis (Paul L. Lyons, John R. Hill, Marvin Romberg) 
T. F. Dupont, Jr. (F. F. Reynolds, John D. Marr, H. H. Happel) 

Paul Miller Early (Frank Searcy, R. F. Hughes, B. G. Swan) 

James Howard Frasher (K. H. Waters, E. D. Alcock, E. L. Campbell) 
William Ridgely Hadaway (Roy L. Lay, W. L. Irwin, V. E. Briard) 
Burton H. Hinton (James C. Menefee, E. S. Sherar, R. P. Warren) 

Berend Jan Hoffman (Nat Prade, P. S. Stoutjesdyk, Harry Pearson) 
Herman Logan Hoover (Roy L. Lay, B. H. Treybig, Jr., C. R. Wallace) 
Wayne Welwyn Jameson (E. L. Mount, George A. Grimm, R. R. Rosenkrans) 
Robert Parker Kennedy (B. H. Treybig, Jr., C. C. Zimmerman, H. W. McDonold) 
Forrest Frank Lambrecht (L. A. Scholl, Jr., Roy L. Lay, A. A. Hunzicker) ° 
Patrick Elvin Mackey (F. F. Reynolds, John D. Marr, R. R. Rosenkrans) 
Alton McClung (Roy L. Lay, V. E. Child, A. A. Hunzicker) 

James Bruce Meadours (A. G. Nance, Joe B. Barbixch, K. G. McCann) 
Emmet Dean Riggs (O. C. Clifford, Jr., J. P. Woods, Charles H. Hightower) 
Duncan Burdette Robinson (Herbert Hoover, Jr., E. A. Pielemeier, E. G. Schempf) 
Harold A. Sears (Eugene Frowe, R. F. Bennett, J. H. Crowell) 

Francis Sewell (M. L. Benke, W. H. Gibson, J. B. Nichols) 

Gerard H. F. Snyders (A. van Weelden, V. P. Ulrich, P. S. Stoutjesdyk) 
Paul W. Stokely (R. R. Rosenkrans, John D. Marr, F. F. Reynolds) 
Rayman Sturdevant (H. R. Thornburgh, J. C. Waterman, K. S. Cohick) 
Lloyd Owen Thomas (Opie Dimmick, W. B. Sibley, W. G. Green) 

Paul Marton Thompson (Roy L. Lay, C. R. Wallace, B. H. Treybig, Jr.) 
Fernando Vila (Rodolfo Martin, Andres Rozlosnik) 

Frederick Bradley Wallis (Roy L. Lay, L. A. Scholl, Jr., C. S. Johnson) 
Horatio Coburn Weston (L. G. Ellis, W. E. Hollingsworth, J. H. Sawyer) 
Ronald E. Wright (Earle W. Johnson, Thomas O. Hall, J. S. Spencer) 
Robert Otis Wynn (Robert H. Ray, Eugene W. Frowe, Sam Rogers) 


TRANSFER TO ACTIVE 


Wallace Wayne Adams (W. C. Merritt, P. J. Jacobsen, Jr., W. E. Franks) 
James Harrison Bush (Edwin L. Fetzer, Jerome R. Burns, Ira Mayfield) 
Louis Castelli (Russel B. Cornell, George W. Isensee, Harold James Kidder) 
Hendrik Paulus Coster (E. J. P. van der Linden, A. A. Fitch, C. B. Twardowski) 
Roy Floyd (O. C. Clifford, Jr., C. H. Hightower, E. L. DeLoach) 

Frans Hardin Hammons (K. C. Thompson, J. W. Fishback, C. J. Long) 
Claude Daniel Pentecost (Homer C. Moore, J. P. Garner, H. B. Peacock) 
Grant M. Roberts (Dean Walling, Dupree McGrady, V. E. Prestine) 

Jack Robertshaw (J. M. Bruckshaw, R. Glossop, H. Q. Golder) . 

Carlton Thomas Spalding (Sam D. Rogers, J. B. Nichols, Robert H. Ray) 
Joe Richard Wier (John W. Lipscomb) 

Sulhi Yiingiil (Beno Gutenberg, G. W. Potapenko, P. Dehlinger) 


ASSOCIATE 


Harold Truett Austin (F. Goldstone, L. K. Mower, R. C. Hilton) 
Karl Eugene Baer (A. A. Hunzicker, W. L. Irwin, V. E. Child) 
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Lawrence Robert Baxendale (J. W. Rhymes, H. E. Shell, T. E. Dennis) 

L. R. Book, Jr. (M. L. Benke, Wm. H. Gibson, J. B. Nichols) 

Robert Kay Bradley (W. L. Irwin, T. L. Kunkel, V. E. Child) 

Lonnie Lewis Brantley, Jr. (Harris Cox, C. J. Donnally, B. B. Strange) 
Gerald Allison Cooley (Samuel A. Spencer, Ronald E. Beck, H. J. Owen) 
John Alfred Crager (Ewin D. Gaby, George Augustat, W. F. Albers) 

Ernest William Creasey (H. J. Kidder, A. J. Oden, Harris Cox) 

J. Lee Davis (Clark Bissett, Guy M. Ratliff, Leland Snow) 

Dirk Dekker (John Carr, H. C. Maliphant, J. J. Augusteijn) 

William Duchscherer, Jr. (V. Gabriel, Sidon Harris, A. E. McKay) 

Donald Wayne Fleming (R. M. Bradley, W. T. Lea, R. E. Butler) 

James Rolf Gaebe (John M. Crawford, Loren Whitehead, B. G. Swan) 
Steward Paul Gagnon (John L. Bible, K. C. Thompson, J. W. Fishback) 
Jack Hos George (Byron K. Johnson, A. B. Hamil, G. M. Mace, Jr.) 
Douglas Dale Goddard (T. O. Hall, Chester Sappington, I. M. Griffin, Jr.) 
Dean Harlow Hammond (Roy L. Lay, C. R. Wallace, Vernon E. Briard) 
Warren Gamaliel Hicks (H. H. Frost, M. B. Dobrin, D. H. Clewell) 

Walter L. Hurt (F. F. Reynolds, John D. Marr, Hugh Porter, Jr.) 

Anthony Mark Knouse (Roy L. Lay, W. H. Gibson, M. L. Benke) 

John D. Lahmeyer (J. A. Sharpe, W. H. Courtier, W. T. Born) 

William David LeBay (Erik Thomsen, D. W. Ratliff, G. V. Dunn) 

Francis Martin Lehner (H. R. Thornburgh, J. C. Waterman, K. S. Cohick) 
Everett M. May (R. C. Sweet, E. V. McCollum, Craig Ferris) 

Clarence O’Bannon Morrison (E. D. Gaby, George Augustat, A. G. Harvey) 
Eufrasio Isidro Orellana (Rodolfo Martin) 

John Butler Pitts (Roy Bennett, W. B. Lee, J. W. Fishback) 

Frederick William Popp, Jr. (Ray W. Walling, K. C. Thompson, J. W. Fishback) 
Gaston Douglas Ramzinsky (Hugh Porter, Jr., Edward F. Zagst, H. V. Crowder) 
James Clifford Rees (O. Koefoed, J. McG. Bruckshaw, A. van Weelden) 
Carl Fredrick Romney (Roland F. Beers, Perry Byerly, William B. Heroy) 
Henry Bernhard Sawatzky (Guy M. Ratliff, Herbert F. Dodson) 

Francis Augustus Seamans (A. A. Hunzicker, T. L. Kunkel, J. S. Welboan, Jr.) 
William Oliver Smith (J. D. Marr, B. H. Hinton, H. L. Gaither) 

Juan Francisco Tognon (Rodolfo Martin) 

David Edwin Willis (C. C. Zimmerman, H. W. McDonnold, E. C. Martin) 


TRANSFER TO ASSOCIATE 


Vernon Kalen Anderson (A. R. Kassander, C. J. Roy, K. M. Hussey) 

Victor Francis Capatch (B. F. Howell, Lloyal O. Bacon, Sylvain K. Pirson) 

Warren E. Daniels (James B. Macelwan, S.J., Victor J. Blum, S.J., Florence Robertson) 
John S. Dowsett (A. A. Brant, John Hodgson) 

John Boyd Etnyre (L. O. Seaman, J. J. Rupnik, R. D. Schmidt) 

Hugh Evans, Jr. (H. E. Stommel, John M. Crawford, B. G. Swan) 

George David Garland (John H. Hodgson, James B. Macelwane, S.J., Arthur A. Brant) 
Arthur James Gude III (H. E. Stommel, R. C. Holmer, C. A. Heiland) 

Thomas Narcisse Hanrahan (James Affieck, Paul O. Fink, V. J. Blum, S.J.) 

Marvin Ray Hewitt (Howard Itten, R. C. Holmer, Harrison Stommel) 

William Neal Hostetter (H. E. Stommel, Ralph Holmer) 

Anthony William Hummel (V. J. Blum, S.J.) 

Chet Houston Jameson, Jr. (T. A. Manhart, H. M. Thralls, W. E. Pugh) 

Harold Meadow (James T. Wilson, Perry Byerly) 

Leland Eugene Moore (V. L. Jones) 
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Edward Andrew Morrison (John C. Hollister, H. E. Stommel, R. C. Holmer) 

Bobby Glynn Preston (J. G. Jackson, C. E. McClure, H. M. Thralls) 

Charles Albert Schad (V. L. Jones, R. Mathieson, Colin Campbell) 

Robert Charles Schwab (F. M. Van Tuyl, J. Harlan Johnson, Opie Dimmick) 

Harold Oscar Seigel (Arthur Brant, J. T. Wilson, Lachland Gilchrist) 

Gerald Francis Slattery (James B. Macelwane, S.J., H. R. Thornburg, J. C. Waterman) 
Russell William Stephenson (H. B. Peacock, C. H. Green, K. C. Van Orden) 

William Hilliard Throop (H. E. Stommel, R. C. Holmer, J. P. Woods) 

Stanley Harry Ward (A. A. Brant, J. Hodgson) 

Andrew Wolikowski (John Hollister, G. T. Merideth, C. G. Faubion) 


REINSTATEMENT TO ACTIVE 


John W. Daly 

RESIGNATION 
J. W. Austin, Student Carel Otte, Jr., Student 
A. E. Brayton, Associate Richard S. Rector, Associate 
Nathan C. Davies, Active William G. Smiley, Jr. (Deceased) 
Hugh W. Hardy, Associate (Military leave) Max Steineke, Active 
James S. Latenser, Associate C. J. Thomsen, Associate | 
Charles Lee Moore, Associate W. W. Wetzel, Active 


Vincent Emanuel, Active 


REPORT OF SPECIAL CONSTITUTION COMMITTEE 


Mr. George E. Wagoner 
The Carter Oil Company 
Drawer 1739 

Shreveport, La. 


Dear Mr. Wagoner: 


As requested in your letter of June 16, 1950 appointing me as chairman of the Special Constitu- 
tion and By-Laws Committee of the Society of Exploration Geophysicists, I appointed the following 
as members of that Committee: Messrs. Henry Cortes, Andrew Gilmour, Cecil Green, J. J. Jakosky, 
and L. L. Nettleton. We have considered the problems raised by the Council and make the following 
recommendations for changes in the By-Laws of the S.E.G.: 

The Special Committees would be set up as Standing Committees by amending the By-Laws 
Article X, Section 1 by deleting the word “‘and” preceding the words “‘(g) Standing Committee on 
Student Membership,” and adding, following those words, the words “‘(h) Standing Committee on 
Distinguished Lectures; (i) Standing Committee on Radio Facilities; (j) Standing Committee on 
Special Reviews; (k) Standing Committee on Public Relations and Publicity; and (1) Standing Com- 
mittee on Annual Review of Geophysical Activity.” 

The solution to the second problem posed by the Council would be to amend By-Laws Article 
TX, Finances of Local Sections, Section 1 by deleting the words “will pay” following the words 
“The Society” and substituting therefor the words “may, at the-discretion of the Council, pay any 
portion of.” 

In Article VII, Section 6. Delete the words “personally supervise the counting of” and substitute 
therefor “appoint tellers to count.” 

Respectfully submitted, 
W. M. Rust, JR. 
October 16, 1950 
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THE AMERICAN GEOLOGICAL INSTITUTE 


It probably is not news to many of our members that the S.E.G. is one of the thirteen original 
member organizations of the A.G.I. but the operation and purpose and the possibilities of service 
which the Institute may render to the geological profession are not well understood. The series of 
Distinguished Lectures early this year by Dr. David Delo, executive director of the Institute, did 
much to point out the concepts under which A.G.I. was organized and what it hopes to accomplish. 
Much remains to be done to make the A.G.I. better known to the members of the constituent socie- 
ties. As an aid in keeping our membership informed, we plan to have each number of Geophysics carry 
a page of news about A.G.I. activities. 

The regular annual meeting of the directors of A.G.I. was held in Washington on November roth. 
The S.E.G. was represented by L. L. Nettleton, whose term as director expired with that meeting. 
(The directors who now represent the society are Henry C. Cortes—tenure expires 1951—and Andrew 
Gilmour—tenure expires 1952.) Approximately 25 officers and directors were present, with all the 
member societies represented by one or two directors. The meeting occupied the entire day so only a 
few points of special interest can be mentioned here. 

A great deal of discussion was given to the possibility of the A.G.I. undertaking the publication of 
a geological abstract journal which would be broad enough in its scope to serve the entire profession. 
There are four current abstract journals: Bibliography and Index of North American Geology, pub- 
lished by the U.S.G.S.; Geophysical Abstracts, published by the U.S.G.S.; Bibliography and Index 
of Geology Exclusive of North America, published by the G.S.A., and Annotated Bibliography 
of Economic Geology, published by Economic Geology Publishing Co. From figures on the costs 
of these abstract journals, it is estimated that a single journal, serving the same purpose, would 
cost about $50,000 per year to produce. The discussions were of an exploratory nature and much 
remains to be worked out before it can be decided definitely whether or not an abstract journal can 
be undertaken by the Institute. As a project which would serve the entire profession, it is one which 
is well within the province of the Institute, as it would be of service to all geologists. 

The problem of making geology and geologists better known to the lay public was discussed. It 
may be remembered that publicity for geologists was advocated by Carey Croneis in 1943 at Ft. 
Worth at the meeting from which the A.G.I. finally developed (Bull. A.A.P.G., Vol. 27, No. 7 (July 
1943), Pp. 1001-1009). Dr. Delo considers the broad scale promotion of the function and usefulness of 
geology as fundamental to the continued existence of the A.G.I. Only as the service which geologists 
can render becomes widely known can they expect the support in interest and money which a strong 
A.G.I. will require. 

The future financial support of the Institute is, of course, a problem of first importance to a new 
and growing organization. At present, the A.G.I. is supported largely by the National Research 
Council, the G.S.A. and the A.A.P.G. The support now promised will carry for about one more year. 
Other means of continued support are being actively considered by the finance committee, under 
the chairmanship of Roger Dennison. It is of interest to record that contributions have been made 
to the Institute, in amounts ranging from $100 to $200, by the Pittsburgh, Houston, Dallas, West 
Texas and Shreveport Geological Societies. It is hoped that, as the Institute proves its value by serv- 
ices rendered to the geological profession, means can be found by which the members of the profession 
will be willing and able to give it the support required for a healthy existence. 

L. L. NETTLETON 





ANNOUNCEMENT REGARDING ANNUAL MEMBERSHIP LIST 


Members of the Society of Exploration Geophysicists are requested to examine the listing 
of their names in the membership list published in Geophysics, Vol. XV, No. 2 (April, 1950). 
Any inaccuracies in that listing must be reported to the business office of the society not later 
than February 1, 1951 to avoid repetition in the list to be published in April 1951 Geophysics. 
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182 SOCIETY ROUND TABLE 


PERSONAL ITEMS 
Kart H. Kunpert, for 7 years assistant chief geophysicist for the Barnsdall Oil Company, has 
joined the Ohio Oil Company as gephyrcn for their Rocky Mountain division with headquarters in 
Sidney, Nebraska. 


CHARLES H. DRESBACH has become Directeur General of Societe Nord-Africaine des Petroles, 
a subsidiary of Gulf Oil Company. 

Etmer W. ELtswortu, assistant business manager of the American Association of Petroleum 
Geologists, has renewed his active membership in the S.E.G. Dr. Ellsworth became a member of the 
society in 1936. 

JosEru H. SHarPE, vice president of Frost Geophysical Corporation, Tulsa, spoke at the October 
12th meeting of the Oklahoma City Geological Society on the subject of aeromagnetometry as a 
primary reconnaissance tool. 

J. R. Maxey, formerly chief geophysicist for Deep Rock Oil Corporation, has entered the con- 
sulting business in Tulsa, specializing in review of seismic and geological prospects. Previous to going 


with Deep Rock, he had been connected with Humble Oil & Refining Co., Sohio Petroleum Co. and 
United Geophysical Co. He holds the degree of M.S. in Geology from the University of Oklahoma. 


ALBERT W. MuscraveE has returned to the Colorado School of Mines on a fellowship provided by 
Magnolia Petroleum Co. to complete requirements for a D.Sc. in Geophysics. 


Joun Daty, former Honolulu Oil Corporation seismologist, has been named supervisor of the 
West Texas district for General Geophysical Company, and will make his headquarters in Midland. 


Joun C. PFLUEGER has returned to the campus of Lehigh University, Bethlehem, Pa., after work- 
ing during the summer months of 1950 for Western Geophysical Company. 


E. F. Stratton, exploitation manager for Schlumberger Well Surveying Corp., has returned 
from Denver to the home office of the company at 1720 Esperson Building, Houston, Texas. 


Lt. Cot. Jack N. NAuas is now with the Decatur Signal Depot, Decatur, III. 


P. M. McNALty has been promoted from party chief to district geophysicist for Phillips Petrole- 
um Co., and is now located in the Permian Building, Midland, Texas. 

F. Rex WALLING, JR., party chief for Stanolind Oil & Gas Co., has transferred from Jayton to 
Spur, Texas. 

MALtvin G. HorrMan has retired from government service, and has moved to 1002 Burch Street, 
Ardmore, Oklahoma. During World War IT he was chief of the Petroleum Reserves Section in the 


Petroleum Administration for War. During the past four and one-half years he was in the Department 
of State as a specialist in international petroleum affairs. 


U. J. Cuaput, International Petroleum Co., Talara, Peru, has moved to 11 Duplex Crescent, 
Toronto, Canada. 


C. G. WALTERS, formerly with the Geotechnical Corporations, now operates the Walters Drilling 
Company, Inc., at 2608A Inwood Road, Dallas 9, Texas. 


C. B. Fores, resident seismologist for United Geophysical Co., has been transferred from Cal- 
gary to Box 527, Riverton, Wyoming. 


RarrorD H. Burton is now located at 1204 West Michigan Ave., Midland, Texas. 
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C. Y Fu announces the establishment of the Institute of Geophysics and Meteorology, Academia 
Sinica, Nanking, China. In a letter dated July 28, 1950, Dr. Fu advised that “as the new name of the 
Institute shows, the geophysical activity is expanding here.” His letter was received November 15th. 


F. L. BisHop announces the removal of his office from the National Bank of Tulsa Building to 
Suite 1408 Philtower Building, Tulsa, Oklahoma. 


Rosert F, Dunpon has joined Aramco Overseas Company with offices at Via Sistina 131, Rome, 
Italy. 


Jacques LEBLANC is now with Compagnie Generale de Geophysique at 50 Rue Fabert, Paris VII, 
France. 


Lewis D. StrutzeEt, formerly with Superior Oil Co., Bahrein Island, Persian Gulf, is now with 
Caribbean Petroleum Co., Maracaibo, Venezuela. 


H. H. Moopy has resigned the position of party chief for Rayflex Exploration Company, and is 
now with Continental Oil Company, Ponca City, where he holds the position of supervisor. 


Hat R. Apams has resigned as geophysical supervisor with the Geotechnical Corporation, and 
has joined the Sohio Petroleum Company as geophysicist in connection with their Canadian opera- 
tions. His company address is 1822 Albert Street, Regina, Sask., Canada. 


H. C. PETERSEN, Superintendent of Land and Exploration Dept. of Freeport Sulphur Company, 
has been transferred from New Orleans to 3100 Gulf Building, Houston. 


Hucu P. Downey, formerly with McCollum Exploration Company, is now party chief for Weiss 
Geophysical Corp. of Canada, Greyhound Building, Calgary. 

WaLLAceE W. Apams has been transferred to the geological district office of the Creole Petroleum 
Corp. at Tia Juana, Estado Zulia, Venezuela. 

PETER DEHLINGER resigned from the Shell Oil Co., Inc. in September, 1948 in order to do graduate 
work in geophysics at the California Institute of Technology. He received the Ph.D. degree in geo- 
physics in June, 1950 after two years as a graduate student and graduate assistant. Since July he has 
been on the staff of the Battelle Memorial Institute in Columbus, Ohio in the capacity of geophysicist. 


L. VAN DER Harst has resigned from Seismograph Service Ltd., London, to accept the position 
of geologist with N. V. Nederlandse Pacific Petroleum Mij., Pakanbaroe, Sumatra, Indonesia. 


J. H. Topp has become southern division exploration superintendent for the California Com- 
pany. He succeeds L. I. Brown, who recently became assistant general manager of exploration. 


PETER DEHLINGER, formerly seismologist for Shell Oil Company, Inc., has accepted an appoint- 
ment to the staff of Battelle Institute, where he will be engaged in research for the drilling industry. 


RosBert S. DAHLBERG, JR., Lead Research Man with Creole Petroleum Corporation in Caracas, 
Venezuela, has returned to the United States with the Philco Corporation to study microwave-relay 
problems. 

Witus W. Harpy has moved up from chief geophysicist to assistant chief of the exploration di- 
vision of Socony-Vacuum Oil Co., Inc. He joined the company in 1938 and held the former position 
for 1939 until this year. 

Dean WALLING has been elected executive vice president, and V. E. Prestine has been elected 
vice president and assistant manager of operations of the recently reorganized Western Geophysical 
Company of America. 
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STATEMENT OF THE OWNERSHIP, MANAGEMENT, CIRCULATION, ETC., RE- 
QUIRED BY THE ACTS OF CONGRESS OF AUGUST 2, 1912, AND MARCH 3, 1933 
of GEOPHYSICS, published quarterly at Menasha, Wisconsin for January, 1951. 


State of a nomad 
County of Tulsa ss 

Before me, a Notary Public in and for the State and county aforesaid, personally 
appeared Colin C. Campbell, who, having been duly sworn according to law, deposes and 
says that he is the business manager of GEOPHYSICS, -nd that the following is, to the 
best of his knowledge and belief, a true statement of the ownership, management (and 
if a daily paper, the circulation), etc., of the aforesaid publication for the date shown 
in the above caption, required by the Act of August 24, 1912, as amended by the Act of 
March 3, 1933, embodied in section 537, Postal Laws and Regulations, printed on the 
reverse of this form, to wit: ’ 

1. That the names and addresses of the publisher, editor, managing editor, and business 
managers are: Publisher, Society of Exploration Geophysicists, Box 7248, Tulsa 18, Okla- 
homa; Editor, Richard A. Geyer, Box 2180, Houston 1, Texas; Managing Editor, Richard 
A. Geyer, Box 2180, Houston 1, Texas; Business Manager, Colin C. Campbell, Box 7248, 
Tulsa 18, Oklahoma. 

2. That the owner is Society of Exploration. Geophysicists, Box 7248, Tulsa 18, Okla- 
homa; President: George E. Wagoner, Box 1739, Shreveport, La.; Vice President: Sigmund 
Hammer, Box 2038, Pittsburgh 30, Pa.; Secretary-Treasurer: Francis F. Campbell, Box 
2040, Tulsa 2, Oklahoma; Past President: Andrew Gilmour, Box 2040, Tulsa 2, Oklahoma. 

3. That the known bondholders, mortgagees, and other security holders owning or 
holding 1 per cent or more of total amount of bonds, mortgages, or other securities are: 


ne, 

4. That the two paragraphs next above, giving the names of the owners, stockholders, 
and security holders, if any, contain not only the list of stockholders and security holders 
as they appear upon the books of the company but also, in cases where the stockholder or 
security holder appears upon the books of the company as trustee or in any other fiduciary ~ 
relation, the name of the person or corporation for whom such trustee is acting, is given; 
also that the said two paragraphs contain statements embracing affiant’s full knowledge 
and belief as to the circumstances and conditions under which stockholders and security 
holders who do not appear upon the books of the company as trustees, hold stock and 
securities in a capacity other than that of a bona fide owner; and this affiant has no 
reason to believe that any other person, association, or corporation has any interest 
direct or indirect in the said stock, bonds, or other securities than as so stated by him. 

5. That the average number of copies of each issue of this publication sold or dis- 
tributed through the mails or otherwise, to paid subscribers during the twelve months 
preceding the date shown above is . (This information is required from 


daily publications only.) 
COLIN C. CAMPBELL (Signed) 
Sworn to and subscribed before me this 2nd day of October, 1950. 
[SEAL] JEAN GRANT REAMES (Signed) 
(My commission expires October 16, 1952.) 
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CHAPTER FIVE in the Fascinating Story of the Search for Oil 


In 1922 Core drilling for structure was 


suggested by Burton as early as 1917 and was 
introduced into Oklahoma in 1919 simultane- 
ously by Dr. W. A. J. M. van der Gracht, who 
had used the diamond drill with great success 
in Holland, 1905-15, and who had used it in 
structural determination in Roumania before 
1914, and by M. M. Travis, formerly of the 
Midco Petroleum Company. Its initial and a 
very important success was that of outlining 
the north extension and limits of the Tonkawa, 
Oklahoma pool in 1922, Core drilling con- 
tinued at a very active rate in Oklahoma until 
it was superseded by the reflection seismograph 
and continued to be used in Western Kansas 
for the determination of structure of such 
slight degree that it was within the limits of 
error of the seismograph (as used at that 
time). From E. DeGolyer’s book, “The De- 
velopment of the Art of Prospecting.” 


GULF BLDG, 


GEOPHYSICAL COMPANY 


In 1950 In order to push the search for 


new oil reserves into previously inaccessible 
areas and to work under adverse climatic con- 
ditions, General Geophysical crews today also 
have completely portable, climate-proofed 
seismograph equipment at their command. De- 
veloped in General laboratories, this com- 
pletely unitized, air-craft type construction 
equipment adds new strength, portability, con- 
venience and dependability to seismograph 
operations. General’s portable seismograph 
equipment was designed specifically to provide 
trouble-free service under all adverse conditions 
encountered in marsh, swamp, arctic and for- 
eign countries without sacrificing the standards 
of performance characteristic of other General 
instruments. And General promises further 
progress in the future in the search for oil 
reserves, 
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A. R. BEYER & CO. 


1318 Polk Ave. 
Houston 2, Texas 


OFFERS THE ONLY 
COMPLETE LINE OF 
GEOPHYSICAL TRANSFORMERS 


* Featuring the New Rectangular 
Feather Weight Case that is 
Hermetically Sealed 

* The Round Hermetically 
Sealed Unit 


* The Standard Plug-In Type Unit 


Transformers of Uniform 
Performance Developed 
Through Years of 
Precision Manufacture 


FEATURING: 
* Hermetic Sealing 
* Hum-Bucking Construction 
* Close Tolerances 


WRITE FOR CATALOG 
Address: Geophysical Department 


THERMADOR 


ELECTRICAL MANUFACTURING COMPANY 
5119 District Bivd. Los Angeles 22, California 





DISTRIBUTED BY 


RADIO, INC. WILKINSON BROS. MONTAGUE RADIO 
1000 S. Main St. 2408 Ross Ave. 220 Willow St. 
Tulsa 3, Okla. Dallas |, Texas Beaumont, Texas 
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EXCLUSIVE MODEL’ F FEATURES: 


o Ohwn— 


on 


. Light weight. 10!/, Ibs. 

. Portable—compact. 

. Rugged construction. 

. Temperature compensated. 

. Easy reading dial. Less beam vibration. Opti- 


lite levels. 


. Easily changed instrument—light, and battery. 


No fussy focusing of light. Spare reading 
lamps and batteries carried in operator's 
pocket. Batteries are |” diameter x 5%” high. 


. Probable error 0.015 milligals. 
. Instrument range 100 milligals without reset. 


Exactly 0.1 milligal per scale division sensitiv- 
ity. Reset to any position on earth in | minute. 


. Ascrew driver is the only adjusting tool needed 


in the field. 


. Reading sensitivity adjusted in the field. Ten 


minute job. 


- Operators trained in one day. The average 


person can be trained to operate the instru- 
ment in one day's time. 


. Drift comparable with most temperature con- 


trolled instruments. 


. Ready for immediate use at all times. The 


Model F Gravity Meter can be stored indefi- 
nitely between assignments, and then sent to 
the field in one minute's notice. 


. Calibration checked in laboratory and field to 


0.1 of 1% on U.S.C. and G.S. pendulum sta- 


tions. 
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ATLAS MODEL F 
GRAVITY METER 


Atlas Model F Gravity Meters are the result of eight years’ research work 
covering all phases of the construction of these excellent instruments. The 
case and vacuum system was designed to give a minimum effect to all tem- 
perature changes imposed on the meter. The temperature "Impact Curve" 
shows no instrument shock due to extreme conditions of external temperature 
either higher or lower than the initial temperature in which the meter was 
placed. The differing suspending systems of the quartz springs and beam in the 
"F' meter make it much more stable in traffic and vibrations caused by atmos- 
pheric conditions than those instruments which employ different spring at- 
tachments or which use the heavy, clumsy, metal masses and metal springs. 
There is no need for either corrections or compensations for variations in baro- 
metric pressure in the "F’' meter because it is sealed under vacuum at con- 
stant pressure over its whole quartz system. Note the other advantages sum- 





Only the Model F Has 
All These Features: 


NO THERMOSTATS 
NO AMPLIFIERS 
NO VIBROPAKS 


NO STORAGE OR 
OTHER HEAVY 
BATTERIES 


@ NO CLAMP 
@ NO BAROMETRIC 
CORRECTIONS 


(The instrument is sealed 
at constant pressure) 





Write, wire or phone for catalog or detailed information. 


ATLAS EXPLORATION COMPANY 





1911 WEST ALABAMA 


Please mention GropHysics when answering advertisers 


HOUSTON, TEXAS, U.S.A. 
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SERVICE 


TOPOGRAPHIC MAPS 
PLANIMETRIC MAPS 
PRECISE AERIAL MOSAICS : 
AlRecnNe MAGNETOMETER SURVEYS : 











OLOR | 














In the United States, in Alaska, in 


To meet industry’s growing needs for 
reliable map information, Aero Service Canada, in Venezuela, in South Africa | 


is mapping all over the globe. With the and in the Middle East, our crews are | 
precise instruments and techniques de- turning out maps of vital industrial 
veloped during 31 years’ experience, we importance. For more information on 
produce accurate topographic maps any- how AERO can support your require- | 
where—at large savings in time, money ments for topographic map information, 


and manpower over ground surveys. write today. 


AER ®O 


SERVICE CORPORATION 
236 E. COURTLAND ST. PHILA. 20, PA. 














Oldest Flying Corporation in the World 
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HERE’S HAWTHORNE’S ASPIRIN 
FOR A DRILLER'’S HEADACHE 


Seismograph crews drilling shot holes along the 
Colorado River, south of Columbus, Texas, ran into 
what might have been a first class headache, as the 
photograph above will show. 

They ran into soft clay and loose gravel formations 
30 to 50 feet thick while drilling 90-foot holes. This 
means really tough drilling because drag bits can’t 
break up the gravel, and rock bits ball up with the 
soft clay. 

Hawthorne “Blue Demon” Rock Cutter Bits drilled 
through far faster, and the hole was far cleaner and 
straighter than normally obtained with other bits. 
Notice in the picture how much gravel was broken 


up by the Hawthorne Bits. HAWTHORNE 
This is another example of “BLUE DEMON” 


how Hawthorne ‘Blue 


reduce bit cons and allow OCK GUTTER BITS 
more production with fewer REPLACEABLE BLADES 
round trips for bit changes. 1 z 10” 

You always get cleaner, y 


straighter hole faster with a WRITE FOR ILLUSTRATED CATALOG 


“Blue Demon”. 


HERB SAUDIS 4 





P. 0. BOX 7366, HOUSTON 8, TEXAS 
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Post-war model for 
use with either 
vertical or horizontal 
systems. 





The HEILAND RESEARCH CORPORATION has been 
appointed exclusive American sales and service rep- 
resentative for the internationally known SCHMIDT- 
ASKANIA line of magnetic prospecting equipment. 


*« Field magnetometers * Calibration coils 
* Photoelectric remote variation recording equipment 


Write for dependable instruments 


complete details 


HEILAND 
RESEARCH 
CORPORATION 


132 East Fifth Ave. 
Denver, Colorado 
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AND THE TROPICS, T00 


HARRISON GEOPHONE CABLE .. . CADMIUM COPPER 
CONDUCTERS INSULATED WITH NATURAL LATEX AND 
PROTECTED BY A 60% RUBBER JACKET OVER-ALL ... is a 
universal type than can be used with equal dependability in hot 
or cold climates. Harrison Geophone Cable is flexible. It won't 
crack or harden in sub-zero service. The long-wearing qualities of 
Harrison Geophone Cable materially reduce field maintenance 
expense and provide an extra margin of dependability on every 
geophone line. Eight-pair and |3-pair cables are carried in stock 
ready for over-night delivery to your laboratory or location. 
Phone, wire or write for complete details on Harrison Geophone 


Cable. 


HARRISON EQUIPMENT CO., INC. 


OFFICES: 1422 SAN JACINTO, HOUSTON 


IT’S FLEXIBLE IT WON'T GRACK 
IT’S LONG-WEARING IT WON'T HARDEN 


Write today for specification 
sheets and samples of 
Harrison Geophone Cable 
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Let us 


REVIEW 
Your Gravity Data for 


EVIDENCE of 
e REEFING | 
e FAULTING 
e TRUNCATION 
e DEEPER POSSIBILITIES 





Gravimetric and Magnetic 
Methods and Combinations 


FIELD PARTIES, INTERPRETATIONS 


Effective reconnaissance for reefs, fault 
lines, and truncated structures. 











Ktaus ExpcoraTION Co. 


P.O. Box 1617 PHONE 2-155! 
LUBBOCK, TEXAS 
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COMPLETE THE JOB IN HALF THE USUAL TIME 
CHERAMIE’S SYMMETRICAL AMPHIBIOUS BUGGY 


will go more piaces quicker with a larger load through any kind of marsh. 
Featuring twin screw drive to reduce cost, yet double the horsepower to give 
greater mobility and maneuverability. 


Daily or Monthly Rates 


Phone Galliano 2311 


ANDREW CHERAMIE 
P.O. Box 144 
CUT OFF, LOUISIANA 
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The best place to find oil is 
WHERE NOBODY HAS LOOKED BEFORE 


in the proven trends throughout 


the oil-bearing sections of the world. 


In the search for oil in rough country, seismograph crews in the past have been restricted 
to shooting near road patterns ... or only as far off the road as trucks could penetrate the rough 
country. As a result, only road areas have been proven. Now, unsurveyed regions in proven areas 
offer the best prospects for new oil reserves. 

By adapting proved portable marine instruments to land operations, Marine Exploration is 
now able to shoot dip and strike lines oriented to local geology regardless of the pattern of 
road systems at a cost comparable to conventional seismograph surveys. That's how Marine 
Exploration can help you look for new oil reserves in unsurveyed sections of mountainous or swamp 
country .. . where nobody has looked before. 

We will appreciate your inquiries about the availability of Marine Exploration Crews for your 
new exploration programs. 


MARINE 


EXPLORATION CO. 





3732 WESTHEIMER ROAD, HOUSTON 6, TEXAS 
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BENNY ROBINSON, Party Chief on Crew No. 5, 
started digging shot holes for Independent right 
after he got out of Louisiana Tech 15 years ago. 
He has progressed through practically every job 
on a@ geophysical crew, having worked as shooter, 
recorder, surveyor, and computer, before being 
made a party chief. Such long and thorough ex- 
perience is typical of the seasoned men who head 
all Independent Exploration crews, where the 
average experience of party chiefs is 15 years in 
seismograph field work. 







It's a Deep Secret! 


location of oil reserves far below the earth's surface is 
one of nature's carefully guarded secrets. For 17 years a long 
list of important oil producers have depended on the exper- 
iencéd crews of Independent Exploration Co. for scientifically 
accugate recording and interpretation of this essential sub- 
surfae¢e date. 


Independent 


pena o nee Po eg 


ESPERSON BUILDING HOUSTON, TEXAS 
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Count on ATLAS 


for Dependable Explosives 
for Seismic Shooting 





























Seismic prospecting is no job for “just any dynamite.” To make 
sure of using the right explosive and technique, many “‘doodlebugs” 
consult Atlas when they plan their shooting. 


Here’s the reason: Party chiefs know that Atlas technical men are 
thoroughly familiar with seismic work . . . know that by consulting 
Atlas they get the benefits of an unbeatable combination of know- 
how, experience, and service. Atlas has a reputation for supplying 
the right explosive, at the right place, at the right time. 


eMic, 

LEN ATLAS 
J Powder Company 
tASENY Wilmington, Delaware 






Makers of dependable explosives for seismic work 


PETROGEL* TWISTITE* MANASITE* 


high-velocity dynamite fast-coupling device extraesafe detonators 
* Reg. U. S. Pat. Off. 
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(a whaild inside that count! 


Quality in a watch shows up in the accuracy of its readings. And that 
accuracy depends upon the balanced adjustment of precision parts. 





Quality and reliability in a seismic survey show up in the ac- 
curacy of its findings, too. The best available equipment; trained, 
experienced personnel; and the skilled interpretation of data are 
important parts of a good survey . . . but we believe that in addition 
to these parts, the close, personal attention of competent, super- 
visory management personnel must provide the balance and co- 
ordination that insures the highest degree of positive results. 


This is the service we offer management interested in integrity of 
operation and scientifically accurate and dependable seismic surveys. 


a1, 


“XPLORATION COMPAN™ 


DALLAS, TEXAS 





M.C. Kelsey £.F.McMullin J. F. Rollins G.W. Fisher J.C. Spiers 
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For Results Use 


RUSKA MAGNETOMETERS 


Ruska Magnetometers are of latest 
design, based on most recent de- 
velopments. They excel in precision, 
workmanship and materials. Easy to 
operate and maintain, Ruska Mag- 
netometers have a fine appearance 














and a durable finish. 
@ Vertical 

@ Horizontal 

@ Recording 





Materials and parts for Ruska Prospecting, Observatory and Expedition Instruments are 
rigidly tested during and after manufacture to avoid iron contamination. The Ruska Astatic 
Magnetometer utilized for this purpose is also suitable for testing geological and mineralogical 


specimens. 


ASK FOR ILLUSTRATED CATALOG 


} j S K A INSTRUMENT 
CORPORATION 
4607 MONTROSE BLVD. HOUSTON 6, TEXAS 
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The ONE and ONLY! 





& 
ENCYCLOPEDIA ON CATHODE-RAY 
OSCILLOSCOPES AND THEIR USES 


by John F. Rider and Seymour D. Uslan 


ANSWERING THOUSANDS OF VITAL 
QUESTIONS CONCERNING OSCILLOSCOPES 


More than two years were devoted to the writing, checking, 
editing, and compiling of this cross section of knowledge 
on cathode-ray oscilloscopes, theory and applications, em- 
bracing all fields of activity. 

It is the FIRST and ONLY book available to the engineer- 
ing fraternity which offers complete coverage of the oscillo- 
scope as a laboratory facility, 


CONTENTS 

{—Introduction; 2—Principles of Elec- 
trostatic Deflection and Focusing; 
Principles of Electromagnetic Deflec- 
tion and Focusing; 4—Mechanical Char- 
acteristics; 5—The Electron Gun; 
Deflection Systems; 7—Screens; 8—Spot 
Displacement; 9—Linear Time Bases 
(Sweep Circuits); !0—The Basic Os- 
cilloscope and Its Modifications; !i— 
Synchronization; 12—Phase and Fre- 
quency Measurements; {3—Nonlinear 
Time Bases; 14—Auxiliary Equipment; 
15—Testing Audio Frequency Circuits; 
{6—Visual Alignment of AM, FM, and 
4 TV Receivers; 17—Waveform Observa- 
tion in_ Television Receivers; 18—AM, FM, and TV Trans- 
mitter Testing; 19—Electrical Measurements and Scientific and 
Engineering Applications; 20—Complex Waveform Patterns; 2i— 
Special Purpose Cathode-Ray Tubes; 22—Commercial Oscillo- 
scopes and Related Equipment; Appendix !—Characteristics of 
Cathode-Ray Tubes; Appendix {!—Cathode-Ray Tube Basing; 
Appendix !!!—Photography. Bibliography. 

Planned and written to serve all fields, it is of inestimable 
value to persons in all forms of research; electrical, medical, 
Industrial, geophysical, atomlo—civilian and military—for visual 
analyses of all electric and and many 
nonelectrical actions such as vibration, pressure, rotary motion, 
heat, light, etc. ; 

An outstanding feature of this book is a most useful and 
comprehensive compilation of 1600 complex wave-form patterns 
listing the harmonics and the exact ery and amplitude of 
each. This information has NEVER BEFORE BEEN PUB- 
LISHED! All ‘scopes produced during the past 10 years, a 
total of more than 70 different models, are clearly described— 
with specifications and schematic wiring diagrams. 

992 Pages ¢ 500,000 Words @ 3,000 Illustrations @ 22 

Chapters © Completely indexed” © 82 x 11” Size © Easy 

to Read © Cloth Bound. 

Weighing 52 Ibs., this book is the most valuable, informa- 
tion-packed reference for engineers, geophysicists, technicians, 
manu ‘acturers, teachers, libraries, Armed Forces schools and 
laboratories, college fiaboratories, research laboratories, etc. 


Only $9.00 


10-DAY MONEY-BACK GUARANTEE 


Make this book PROVE its value! Unless you agree that 
it is everything we claim it to be—return the book, in 
good condition, for refund. 


Rush This Coupon Today 


JOHN F. RIDER PUBLISHER, INC. 
480 Canal Street, New York 13, N.Y. 


i 
i 
4 
Please send me your “ENCYCLOPEDIA ON CATHODE- ‘ 
RAY OSCILLOSCOPES AND THEIR USES” on your 10- ; 
I 

3 











day MONEY-BACK GUARANTEE. If not satisfied, I will 
return the book, in good condition, for refund. 
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SAVE POSTAGE. If you enclose check or money-order 4 
WITH coupon, we will prepay postage charges. Money back 4 
if you return the book within 10 days. 1 
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Chorge. 
The Charge Anchor embodies means and methods where- 
by all of the charges may be located at the desired points 

in an uncased bore and separately anchored therein and 
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Y Bottom Chorge Sel. 
| Shot Hole. ° ~ ° e ° 
thus dispensing with casing in the hole and correspond- 


ingly reducing the time and expense necessary to case the 
bore and to thereafter withdraw the casing. 


Better results can be obtained in loose or soft formations; such as sand, silt, gravel, soft 
clay, etc. More profiles at less cost and less work; in some cases Anchors will cut the cost 
as much as 75% per hole. 


Often it is difficult to use casing because sand fills the pipe after the first shot is fired. We 
can defeat this problem. 


If you want two shots or more in soft formations, call us for a demonstration in the field. 
There will be no charge except regular sales price of our Anchors; and if the method does 
not work, there will be no charge. 


This method is past the experimental stage. It has been in use by numerous crews for a 
period well over three years. Names of satisfied customers can be supplied upon request. 


This method is ideal for formations found in South Texas, Louisiana, & Mississippi with 
charges up to 25 pounds per shot. 


Take advantage of this valuable method. 
JERRY D. WILLIAMS, Owner 
Box 707, Chickasha, Okla. 
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Eliminate Electric Power 
Line Hazards In 
Exploration Shooting 





With this Firing Line 
Catcher shots can be fired 


near electric power lines 





caught, and the bar is con- 






trolled in any desired di- 






rection to a limited height 





safely. and radius from the bore. 








Construction of Catcher: We have a large number of 





A bar of approximately six Catchers in use at this time 
feet in length with hooks 


arranged alternately 
around the bar. It has a 





—-several have rented for 





more than three years of 





continuous service with 
outstanding results. 





cross arm and _ control 
weight attached to the top, 





Patent Number 2,472,997 


and also a circuit breakin ight. a F 
g weight Firing Line Catchers are not for sale. 


The catcher is designed to be expelled They are placed with crews on a rental 
from the hole under hard shots and _ basis of $25.00 per month and a mini- 
hole blow. At upward movement the mum of four months rental. 


circuit is positively broken, wires are Call on us for a free demonstration. 


EXPLORATION ANCHOR COMPANY 
BOX 707, CHICKASHA, OKLAHOMA 
Phone 643-W or 3617 
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Only TRIAD Meets New 
Miniatunization Requirements 


f Geoph ysical Transformers 








TRIAD Geoformers are now available in sub-miniature 
type construction for your portable equipment. Due to im- 
proved type lamination and advanced winding techniques, 
we are now able to supply the very small type transformers 
for which you have been waiting. The Input, Interstage, 
Output and A.V.C. Outputs are in the standard GP-1 case, 
rectangular in shape, 76” x 1-1/16” x 1-11/16” high. 
(Reactors are 16” taller.) All of the items listed are of 
* hum-bucking type construction, with Trialloy shielding to 
— reduce outside disturbances by approximately 90db, and 
are hermetically sealed, using the well-known Triad turret- 
type header. All cases are nickel plated with 6-32 mount- 
ing studs, mounting centers 1-3/32”, terminal hole 34”. 


SSSR SPER} 


G-101 Geoformer shown actual size. 


— enire 


DC RESISTANCE TURN LIST 
TYPE PRI SEC INDUCTANCE PRI SEC RATIO WEIGHT  ppice 
G101 500-333-233 
200-125-67 Y2 145000 C.T. 8.3h 100 10000 1-17 3.2 oz. $25.00 
50-1 
INTERSTAGE Geoformers 
S198. 00000 i 305h 2500 8500 1-2.75 3.2 oz. 25.00 
OUTPUT Geoformers 
16-12-8-6} 
G150.~—-: 115000 C.T. Fie Fate 1000h 5200 4 30.5-1 3.2 oz. 25.00 
60-45-30-24 
G155 15000 C.T. 15.71/,-5.1.3 1000h 5200 17. 15.8-1 3.2 oz 25.00 
A.V.C. OUTPUT Geoformers 
240,000 C.T. and 200h 2000 9800 1-4 3.2 oz. ’ 
G174 15000 C.T. 140.35 : 55 9.7-1 nied 
REACTORS 
INDUCTANCE RESISTANCE LOW % LIST 
TYPE @ 100 M.V. Q DC TAPS WEIGHT PRICE 
G180 a 9 11500 None 3.4 oz. $26.00 
G185 500-125h 9 10500 4-21,% 3.4 oz. 26.00 


Geoformers are stocked at distributors shown below and at the factory. Write for Catalog 
GP-51, containing detailed specifications. 





Sold and Stocked by: 
A. R. Beyer Co., 1318 Polk St., Houston, 
St., Pasadena, California—Redio Inc., 1000 
So. Main St., Tulsa, Oklahoma—Wilkinson 
1. RANSFORMER MFG CO Bros., 2406 Ross Ave., Dallas, Texas. (5, 


y 











2254 Sepulveda Blvd., Los Angeles 64, Calif. \ 
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EISMIC 
XPLORATIONS 
NCORPORATED 


Eighteen years experience as an integrated geophysical 

research organization . your assurance of accurate interpretation 
of data obtained thru advanced instrumentation in the hands 

of capable personnel. Seismic Explorations, tncorporated 


1007 South Shepherd, Houston, Texas 


« 
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FOR ACCURATE 
SEISMIC RECORDINGS 





To assure accurate recordings under all conditions 
of seismograph exploration, on land or under wa- 
ter, Hercules has developed a full series of special 
explosives. These products are widely distributed 
throughout the oil-producing areas. Write for name 
of nearest distributor. 









VIBROGELS* 


—extra and regular gelatins for uniform results 


GELAMITE*S 


—economically replaces “Vibrogels’’ for certain 
seismic work 











SPIRALOK* 


—the time-saving rigid cartridge assembly 


VIBROCAPS* 


—the no-lag seismic detonators 


Electric Detonating Primers 


—for use where extra.strong detonators are needed 


HERCULES POWDER COMPANY 
INCORPORATED 


917 King Street, Wilmington 99, Delaware 





*REG. U. S. PAT. OFF. X050-2 
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GLOPUYSICAL ENGINEERING COMPAN) 
a= 








$A4N iIVIONIO PEN AS 


SEULS ig e G@RAIT) . MAGNETIC SURVEYS 


. of world-wide geophysical 


engineering experience go into 


every job we undertake. 
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THE PIONEERS OF : 





Refraction Shooting - Reflection Shooting - Well Shooting « Marine Sho u 
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THE WORDEN*GRAVITY METER 


Atrue one-man gravity meter, easily carried, 
and furnished with shock-mounted case for safe 
transportation by jeep, boat or plane. 

Worden Gravity Meters are very rugged... 


require no clamping ... are entirely non-mag- mia 


netic... are quickly set up and read under a 
condition. eee 


Fifty Worden Gravity Meters are now in serv- 
in all parts of the world. Complete informa- 
tiof\on the superior service they provide will 


L_LABO 


2424 BRANARD JAckson 5364 
HOUSTON 6, TEXAS Cable: HOULAB 
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SAZAUNS ALIDOTIA 
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SEISMIC and GRAVITY 
SURVEYS 


ON LAND AND SEA 


FOREIGN AND DOMESTIC 
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2626 WESTHEIMER 
Phone KEystone 5511 ‘| : 











FOREMOST 
GEOPHYSICAL 
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Wilton : Wollon 
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geophysical 





our proven marine and land cables 
adapted to your requirements 


WRITE FOR CATALOGUE 


J 7... a 
‘eclor or J anufacluring é OM pany 


5616 LAWNDALE ° HOUSTON 3, TEXAS 
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WATTS Force Variometer 


is a sensitive, direct reading instrument with temperature compensated 
magnet system. It is easy to use and you can depend upon its accuracy. 


Other Geophysical instruments include Horizontal Magnetic Force Vari- 
ometers, Recording Cameras and Auxiliary Equipment, Calibrating Coils. 


Write for list G.12 for full particulars. 








foe on 


HILGER & WATTS LIMITED 
WATTS DIVISION, 48 ADDINGTON SQUARE, LONDON S.E. 5, ENGLAND 
Agents: The Jarrell-Ash Co., 165 Newbury Street, Boston, Mass. 
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Exploring 
before , 
the drill . 






. .. Accurate Midwestern Records 


Midwestern seismic .contract crews enable you to most modern appurtenances designed for fas! 
EXPLORE before you DRILL. Our seismic interpretations efficient operation. Midwestern seismic crews : 
are made by highly skilled, seasoned, and experienced i 
personnel. Our seismic records ate obtained from 
precision instruments equipped with the latest and 





‘MIDWESTERN | 


GEOPHYSICAL LABORATORY 
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IT’S EASY TO CARRY—weighs 
only 44 pounds. The case is 
only 19%" long, 1034" high, 
and 9%" deep. 
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IT CAN BE SET UP ANY PLACE 
where there’s a 115-volt, a-c 
supply—in the field, or at 
headquarters. eB 
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For portable or fixed station 
» «the RCA Carfone Station Unit “15” 





HIS is the most versatile 

2-way radio station ever de- 
signed for medium-range com- 
munication. It is complete with 
transmitter, receiver, power 
supply, portable antenna, handy 
microphone, and loud speaker 
—all in a single package. 


Easy to carry and easy to set 
up, this portable unit can be 
operated wherever there is a 
115-volt, a-c outlet. 


For fixed-station use, place 
the unit on the operating desk, 
hook-up the antenna, plug in 
the power cord, and you’re set 
to go. For portable station use, 
simply connect the quarter- 
wave, whip antenna (supplied) 
and plug in the power cord. 
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use 


No extra components to carry 
around. No installation ex- 
pense involved. 


Greatly improved receiver 
selectivity reduces adjacent 
channel signals well below in- 
terference levels. A newly- 
designed transmitter modula- 
tion control enables you to 
transmit the full signal poten- 
tial of the transmitter and 
maintain 100 per cent modula- 
tion at virtually all voice levels 
—whether you shout or whisper 
into the microphone. 


For complete information on 
the new RCA Carfone Station 
Unit “15”, write Dept. 142A, 
RCA Engineering Products, 
Camden, New Jersey. 


MOBILE COMMUNICATIONS SECTION 


RADIO CORPORATION of AMERICA 


EHNOINEERING PRODUCTS DEPARTMENT, CAMDEN, N. db. 
In Canade: RCA VICTOR Company Limited, Montred! 
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WOULD HAVE 
SAVED 
THE EXPENSE 
OF DRILLING 
THIS 

DRY HOLE 

















In the illustration, the producing well established a 
water level in the reservoir. A Schlumberger Dipmeter Survey 
in this well would have indicated the proper location for 
the second well. It would have saved the expense of drilling a dry hole. 


The Schlumberger Dipmeter has established an excellent record of obtaining 





dependable measurements of both direction and amount of dip in bore holes. Either resistivity 
or self potential measurements can be utilized. A Dipmeter Survey can be run in any well drilled 
under normal conditions, provided the hole is at least six inches in diameter. Ask your Schlumberger 


Engineer for complete details of how a Dipmeter Survey can save you the expense of drilling a dry hole, 
¥ 







4 
“4 





The Dipmeter, first introduced by Schlumberger, is a result 
of Schlumberger’s progressive program of research and 
engineering to provide advanced services to the oil industry. 











ERGER WELL SURVEYING CORPORATION e HOUSTON 
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NOUR FIRST STEP TOWARD 
SUGCESSEUL COMPLETIONS 


The clear, definite character data 
obtained with Reliable seismograms are not the result of chance. Reliable’s 
precise instruments, based on years of laboratory and field testing, in 
the hands of our experienced crews, working under the direct supervision 
of one of the partners, means the best in high quality work for every 


exploration dollar spent. 


Reliable’s 32-trace seismograms, 16-traces simple and 16- traces 
mixed, are now the clearest obtainable. But even the best instruments 
must be used properly, and that knowledge and skill are part of our 
service to you. Your assurance that you can depend on Reliable is the 
high interest and the skill which Reliable’s crews bring to your job, and 


the unusually close supervision. 


Write for the availability of crews that will assure you of a job 


well done. 





Glenn M. McGuckin Perry R. Love 
Phone 108 Yoakum, Texas P. O. Box 450 
Please mention GeopHystcs when answering advertisers 
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ONLY GEOPHYSICAL LINE OF TRANSFORMERS 
BUILT BY GEOPHYSICISTS 


FEATURING: 


Engineered Construction for long 
years of trouble-free operation. 

Close tolerances. 

Hermetic sealing. 

Hum-bucking construction and high- 
permeability cases assuring maxi- 
mum shielding. 

Availability. 


6-32 X 2 STUDS 





Since SIE started the manufacture of geophysical transformers in 1945, over 
50,000 units have been produced for the Geophysical industry. 

SIE has developed a miniature line of geophysical transformers that have 
exceptional performance in a small size. Available in inputs, outputs, interstages 
and reactors. Net weight, 3 ounces. Write for full details. 


SOUTHWESTERN INDUSTRIAL ELECTRONICS CO. 


2831 Post Oak Road — Houston, Texas 
Branch Office: Calgary, Alberta. European Agent: Lindqvist & Co., Paris, France. 
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SAVE MEN AND MONEY 
OFFER OF EMPLOYMENT IN 


—With a safety program pre- CHILE, S. A. 
pared for seismograph opera- 
tions. We can help you with 
these monthly publications: 


ACCIDENT SUMMARIES of the 
experience of the industry 


SAFETY SUPERVISION for party 


One Geophysicist ..... $10,800 
One Paleontologist ....$8,400 


Experience of ten years or more is 


chiefs and managers required. 
s 
SAFETY ON THE JOB for each 
employee | Applications should include full rec- 


ord and references, and should be 
Let us help cut your 


accident costs 


ACCIDENT PREVENTION CORPORACION 
SERVICE - DE FOMENTO 


37 Wall Street New York 5, N.Y. 


sent to 


1730 East First St. Tulsa, Oklahoma 

















Announcing 
CHANGE IN OUR NAME 


from 


GEOTRONIC LABORATORIES, INC. 


to 


RADIAN INSTRUMENT COMPANY 
1707 CEDAR SPRINGS DALLAS, TEXAS 
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For Safe, Efficient, 
Economical Drilling 
. +» Specify 
+; CABLE TOOLS 
4 “The Higher Standard” 
Spang Cable Tools 
stand out as the top 
performers in their 
field for: 
511 @ Shot Hole Drilling 
® Geological 
Exploration 
@ Petroleum 
Production 
@ All types of Cable 
and Churn Tool 
Drilling 
Try Spang today! 


SPANG Soots 
SPANG & COMPANY, BUTLER, PA. 


For Sale by Dealers Everywhere 

















SOCIETY OF EXPLORATION 
GEOPHYSICISTS 


Box 7248 Tulsa 18, Oklahoma 


Back Issues of Periodicals 


Journal of the Society of Petroleum Geophysi- 
cists 


1935 Volume VI Number | 
Geophysics 

1936 Volume | Number |, 2, 3, (complete) 

1937 It 1, 2, 3, 4 

1938 Wl 2 

1939 IV 1, 2, 3, 4 

1940 v 1, 2, 3, 4 

1941 vi 2.3 

1942 vil 2, 3, 4 

1943 vill (out of print) 

1944 IX (out of print) 

1945 xX 3, 4 

1946 Xl 1,2, 3, 4 

1947 xil 2, 3, 4 

1948 XII I, 2, 3, 4 

1949 XIV 2% 3.4 

1950 Xv 1, 2, 3, 4 

PRICES 

Members of all grades ...... $1.00 per copy 
Non-members ............- 2.00 per copy 
Foreign postage charge ..... .20 per copy 





fe) SPECIFY 


for accurate | 
Dependable electrical 
Measurements! 


Let Simpson engineers help you 
solve your panel instrument prob- 
lems —and for your standard 

instrument requirements 
take advantage of 
our large stock, 












gf ht — 

SIMPSON ELECTRIC COMPANY 
5200 W. Kinzie, Chicago 44 + CO 1-1221 
Please send me Simpson Catalog No. 16 
showing complete line of Simpson Elec- 
trical Instruments and Test Equipment 

Name. 
Company. 
Address. 
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GEOPHYSICAL 
CASE HISTORIES 











Volume | 1948 


A COLLECTION OF 60 PAPERS BY 61 AUTHORS ON GEOPHYSICAL OBSER- 
VATIONS MADE UNDER A WIDE VARIETY OF FIELD CIRCUMSTANCES. 
This is the first volume of a series designed to provide material by which geophysical surveys 
can be judged from later development and thus aid in the interpretation and evaluation of 
other geophysical work. 


Edited by L. L. Nettleton 
Past President 
Society of Exploration Geophysicists 


Price $7.00 Postpaid in U.S.A. 
Special Price to Members of S.E.G., A.I.M.E. and A.A.P.G. 
Cash (Check with Order) ............... $6.00 


Credit (Bill Requested) ................. 6.25 
Add 50 cents per copy on foreign orders 


680 Pages 7x10 Fully Illustrated Cloth Bound 
CONTENTS 

' ee Cee Se Fete odin ccccccc ccc svccccccvcccssccnscecocenscces 3 
SECTION II. Salt Dome Case Histories—Texas, Louisiana and Mississippi ................-- 21 
{ SECTION III. Mid-Continent Case Histories—Arkansas, Illinois, Oklahoma and Texas ........ 17 
ee Oe. I i Be FOI is oo oi nik a: dicisln dy cceecccnewesescecdenaceces 4 
| CR Ce IO Go 5 oo oc binecdscricncowscrvceccceccccsseeenccenoees 1] 
SECTION VI. Foreign Case Histories ................. Ohl 2. aati uea sien ane eaan wane 4 
I ORACLE FT EOE EET ER TT TTT TS 60 
i 


A LIMITED EDITION HAS BEEN PRINTED 


Address All Orders To 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
BOX 1614 TULSA 1, OKLAHOMA 


Rcdnath sahamneeicdachtaeasanat ied tere tate eae 
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If your problem is Portage, 


why be satisfied with less than a 
complete seismic unit? 





@ Model MD-2 Developer 
@ Model M-212 Amp. Unit Cover Removed 
@ Model MP 2 Power Supply 


@ Foreground—Type EVS Detector (Marine) 
@ Model PRO-11 Oscillograph 
@ Model F. Blaster 


Everything is there in Electro Tech’s Model M-2. As a 
special feature, we will gladly adjust overall response 
characteristics to affect that all important “tie” with work 


done by customer's present equipment. 


ELECTRO TECHNICAL LABS., INC. 


504 WAUGH DRIVE 
HOUSTON, TEXAS 








ju-1597 “™ am 
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Everything is self-contained in the 
M-2 with convenient plug in inter- 
connecting cables between units. 
Durable watertight stainless steel 
cases are used throughout. 


? 
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Model M 212 Amplifier Unit 


Key to the Model M-2 is the Model-212 Amplifier Unit. Combined 
are twelve Type M-2 amplifiers of the most modern design as to 
filter, control, sensitivity, etc., plus a highly versatile control panel. 
The latter includes line check switching, hum balance, variable 
initial suppression with optional automatic or manual release, elec- 
tronic output mix in all combinations, “A” and “B” supply check 
under load, gain and level preset oscillator, ete. (Nothing has been 
left undone to make this unit complete and convenient, even to 
the addition of a tool and spare parts compartment.) 


Tel ulibe taliadstenanaaniont eat nee ee Ee 


ELECTRO TECHNICAL LABS., INC. 


504 WAUGH. DRIVE ® HOUSTON, TEXAS ® JU-1597 
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OTHER ELECTRO TECH EQUIPMENT 





MODEL D GALVANOMETER 


Incorporates many unusual fea- 
tures such as pencil type ele- 
ment with vertical adjustment, 
individual insulation above- 
ground, etc. Elements are evac- 
vated before sealing to prevent 
internal frosting and to obtain 
stability. Sensitivity matched to 
customary seismic. Amplifier 
output circuits furnished with 
both front and rear vertical adjustment type blocks. Standard block 
25 trace, other sizes available on special order. Also available, a 
new Model E for extremely high sensitivity. 





MODEL RA-12 STANDARD 
AMPLIFIER UNIT 


Normally used in Electro Tech’s truck 
mounted installations, this unit is 
thoroughly proven in field operations. 
It is, in effect, the forerunner of the 
M-212 and in general has the same 
features, including the self-contained 
control panel—highly efficient. 





THE MODEL RA-6 AMPLIFIER used 
with the Model RA-12 is supplied 
with either standard band pass (2 
or 3 section) or modified band pass 
filter. The latter has proven espe- 
cially successful for Gulf Coast and 
similar operations. Unusual me- 
chanical design of chassis makes 
service exceedingly simple and 
helps assure stability by most suit- 
able parts placement. 


ELECTRO TECHNICAL LABS., INC. 





504 WAUGH DRIVE ® HOUSTON, TEXAS ® JU-1597 
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Electro-Tech’s 
TYPE 


EVS 
SEISMIC DETECTOR 









Since it was organized in 1941, Elec- 
tro Tech has become known for the 
various models of seismic detectors it 
has contributed to the industry, each 
developed to better fill the need. With 
the increased use of high multiples and 
difficult portage operations, the type 
EVS has really come into its own—in 
fact, nearly 10,000 of these units have 
been produced and placed in highly 
successful service, since it was first in- 
troduced one year ago. Its popularity 
is further attested to by the fact that other manufacturers have 
adapted it for use with their own instruments. Sold in a variety of 
frequencies and case arrangements, both land and marine, to best 
suit your needs. (Highly efficient, extremely rugged and economical 
in total cost and operation, it will pay you to investigate the Type 
EVS if you have detector needs.) 
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ACTUAL SIZE 
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Technical bulletin on the foregoing and other 
equipment will be gladly furnished upon re- 
quest. Our services include engineering and cus- 
tom building of equipment to your own specifi- 
cations. 


ELECTRO TECHNICAL LABS., INC. 


504 WAUGH DRIVE 


HOUSTON, TEXAS 
JU-1597 
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2xas) AREA REEFS 


The above sketch is an idealized con- 
ception of the general geologic features. 








SSC Recommends the Following 
Approach for Seismic Reef Exploration. 
NO. 3. HIGHEST RECORD QUALITY 


The sedimentary complications that abut and 
® § ra z surround organic reefs usually produce similarly 
2 complex seismic reflections. Controlled instrument 
A ee and shooting tests at the beginning of a survey 
followed by continual supervisory checks during its 
progress will determine and maintain the instru- 
: : mental characteristics and shooting procedure re- 
Poe ‘ n th : quired to record satisfactorily the desired energy | 
hotice : fe Through this approach, SSC obtains SUPERLATIVE 
es : i a RECORD QUALITY—A MUST for a successful reef 
sii sais CR Mieke ce exploration program | 














his is one of a serses 


eismogroph Service Corporation 


TULSA, ORDRMA, U.S.A. | 























G.S.I. Has Pioneered 
Seismic Exploration for 
Over 20 Years. 
CALL IN G.S.I. 


G.S.1.’s new color motion picture promoting safety, 
“Make No Mistake”, is available for free showing. 
Write for particulars. 


Geopnysicat Service Inc. 


6000 Lemmon Avenue ° Dallas, Texas 




















Pe ae 


race 


Yee 











